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Abstract
The Western Highland Rim (WHR) of Tennessee is located between the Nashville Dome
to the east and the Mississippi Embayment to the west. This region is situated inside the bend of
the Appalachian-Ouachita orogen along the eastern margin of the Laurentian craton, making it a
location of intrigue for structural analysis. Far-field and local stresses have deformed the WHR
across multiple Eras. In the Paleozoic, the Appalachian (east of WHR) and Ouachita (south of
WHR) orogenies were both thrusting onto the Laurentian craton. Mesoscale structures recorded
in the WHR indicate shortening direction history of these tectonic stresses, how many pulses of
deformation occurred, zones of concentrated deformation, and whether or not the deformation is
resultant of Paleozoic far-field stress. Measuring deformational structures in the exposed
Paleozoic rocks along the Tennessee River, analyzing the data with stereographic projections and
rose diagrams, and viewing the spatial distribution of structures on a map shows the regional
tectonic deformational history of the WHR. The Appalachian-Ouachita orogen is often termed as
occurring at the same time, yet analysis of mesoscale structures argues for an older Ouachita
tectonic load followed by southern Appalachian compression. Variation in the frequency of
structure orientations shows a dominant Appalachian pulse in the Southern and Northern
Sections, while the Central Section suggests a dominant Ouachita pulse.
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Chapter 1 – Introduction to Research

1.1

Introduction
Mountain building events such as the Appalachian-Ouachita orogeny have a structural

effect not only within the orogenic belt but also in the foreland. The Western Highland Rim
(WHR) of central Tennessee is part of the foreland of the late Paleozoic Appalachian-Ouachita
orogeny (Fig. 1.1). An orogenic foreland, as defined by DeCelles and Giles (1996), is “an
elongate region of potential sediment accommodation that forms on continental crust between a
contractional orogenic belt and the adjacent craton…”. In this case the contractional orogenic
belt is the Appalachian-Ouachita orogenic belt and the adjacent craton is the Laurentian craton.
Therefore, the WHR region is a section of the foreland. The WHR contains mesoscale (smaller
than map scale, larger than microscale) deformation structures, likely due to far-field stresses of
the Appalachian-Ouachita orogeny, which have not been previously reported. For a complete
structural synthesis, it is important for geologists to understand the effect of orogenesis inboard
of the collision margin, and this research documents the extent of foreland deformation within
the WHR.
Tennessee contains seven physiographic regions, one of which is the WHR. The Central
Basin in located in central Tennessee and is bordered by the Highland Rim to the east and west
(Milici, 1968) (Fig. 1.2). These bordering regions are therefore termed “Western Highland Rim”
and “Eastern Highland Rim” (EHR). The Paleozoic rocks of the WHR are generally limestones,
cherts, and shales while the EHR is more plentiful in sandstones.
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1.2

Purpose of Research
The purpose of this research is to fill in the geographic “gap” of Paleozoic structural data

in the WHR region. Structural reports have been conducted in the regions surrounding the WHR
and therefore this research will add to the suite of literature pertaining to structural geology
within Tennessee. The plan of this research is to determine (1) the degree of foreland
deformation, (2) the relative timing of Appalachian versus Ouachita deformation, and (3)
whether there were separate pulses of deformation or one continuous event.

1.3

Hypotheses
To make the above conclusions I have a problem statement and multiple hypotheses. This

research intends to answer if shortening directions of Appalachian and Ouachita compression can
be inferred by analyzing orientation of mesoscale structures within Paleozoic rocks of the WHR.
To interpret the tectonic significance of shortening directions of the region, I propose three
hypotheses, and they are listed below.
H0 - The deformation recorded in the Paleozoic rocks of the WHR is not due to orogenesis,
but rather compaction and subsidence. In this case the deformation will be widespread with
random shortening direction orientations.
H1 - Late Paleozoic deformation of the WHR shows evidence of both Appalachian and
Ouachita collision, and therefore the recorded deformation will be widespread throughout the
research area and show evidence of both Appalachian and Ouachita shortening directions.

2

H2 - Late Paleozoic deformation of the Western Highland Rim shows evidence of only
Appalachian or Ouachita collision, and therefore the recorded deformation will be
widespread throughout the research area and show evidence of only Appalachian or Ouachita
shortening directions.

1.4

Field Location
The WHR, located in central Tennessee, is situated north of the bend in the Laurentian

orogenic front where the Appalachian and Ouachita orogenies intersect (Fig. 1.1). Figure 1.2
shows that the WHR is located between the Mississippi Embayment to the west and the
Nashville Dome to the east (Milici, 1968). The Lower Tennessee River flows north through the
WHR (Fig. 1.2) and is proposed to have been locked in its current course since the end of the
Cretaceous by Adams (1928) or sometime in the Tertiary by Milici (1968). In either case, the
river has been locked into its current course after the deposition of Paleozoic rocks and has
carved through overlying deposits and broadly exposed these Paleozoic rocks in the WHR
region, which permits investigation of mesoscale deformational structures present in the bluff
faces of these rocks.
The WHR contains subsurface Proterozoic basement rock, exposed Paleozoic and Cretaceous
rocks, and inset Quaternary deposits. The basement rock in this region, as shown in Figure 1.3, is
the 1.55-1.30 Ga Granite-Rhyolite province (Whitmeyer and Karlstrom, 2007). I studied
deformation in Paleozoic rocks in the field region, but knowledge of the structure of the
basement rocks is important to the interpretation of upper crustal deformation. Knowledge of
Mesozoic and Cenozoic rocks present is important to establish deformation as being late
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Paleozoic. Examination of the published geologic maps in the region shows the WHR Paleozoic
rocks to be mainly Ordovician through Mississippian in age. Within my field sites, these rocks
are mostly cherts, limestones, and shales (Russell, 1964; Barnes and Larson, 1967; Russell et al.,
1972; Wilson, 1967a; Wilson, 1967b; Wilson, 1968a; Wilson, 1968b; Wilson and Russell, 1969).
The resistance of these rocks to erosion determines whether they are present as outcrops and can
be measured or are covered by a weathering profile. For example, most areas where the
Paleozoic rocks are shales, I have no recorded deformation because the shales form relatively
low slopes that are covered with colluvium. During the Paleozoic, the Appalachian and Ouachita
orogenies were active and therefore the adjacent Paleozoic rocks of the WHR may exhibit
mesoscale deformation due to the far-field stresses of these orogenies. Since the WHR is located
at the bend in these orogenic belts, we can differentiate Appalachian and Ouachita deformation
based on their shortening directions on a regional scale.
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Chapter 2 – Geologic Setting

2.1

Background Information
Since this research intends to fill in the geographic “gap” of data that has not been

reported in the WHR, I will first discuss the tectonics of the regions surrounding the WHR. The
WHR is bordered to the west by the Mississippi Embayment and to the east by the Nashville
Dome. Then the tectonic history of the Appalachian-Ouachita orogeny and the geographic
relationship between the WHR and these orogenic belts are discussed.

2.2

The Mississippi Embayment
The Mississippi Embayment (ME) is the regional structure located just west of the WHR.

The ME is a southwest-plunging trough that topographically is a northward extension of the Gulf
of Mexico coastal plain. The ME contains ~1.5 km of Cretaceous and Cenozoic sediments (Cox
and Van Arsdale, 2002). Underlying the embayment is the Early Paleozoic Mississippi Valley
graben basement fault complex (Fig. 2.1). Northeast-trending faults in the ME cut through the
Paleozoic and underlying Proterozoic basement rocks (Hildenbrand et al., 1982).
The Paleozoic rocks of the region, as argued by Cox and Van Arsdale (2002), have been
thermally uplifted as an arch that later down warped by thermal subsidence. This is supported by
the structural geometry of the top of the Chattanooga Shale that was reconstructed by Cox and
Van Arsdale (2002) (Fig. 2.2). This arching was a result of the lithosphere weakened by faults
being uplifted as the region passed over the Bermuda Hot Spot in the mid-Cretaceous. Therefore,
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the Paleozoic rocks that underlie the ME are shelf facies that have a southwest plunging arch
structure.
Mid-Cretaceous volcanism crosses the embayment, with older volcanics in Kansas (~115
Ma) and younger volcanics to the east in central Mississippi (~65 Ma) (Cox and Van Arsdale,
2002). This supports the argument that these volcanics came from the westward passage of the
North American plate over the Bermuda hotspot during the mid-Cretaceous. However, notice the
hot spot track trends from northwest to southeast to the present-day border between Mississippi
and Alabama and then changes to an east-west trend (Fig. 2.1). This puts the hot spot well south
of the WHR when it was located at the same longitude as the WHR during the Cretaceous. Thus,
the WHR most likely did not experience uplift due to this tectonic phenomenon like the ME did.
Although the hot spot track is south of my field area, there is still a possibility that this
Cretaceous hot spot activity could have affected the Paleozoic rocks of my field region.

2.3

The Nashville Dome
The Nashville Dome has a total structural relief of ~244-259 m (Wilson and Stearns,

1963) and is situated in central Tennessee between the Appalachian thrusts to the east and the
Mississippi Embayment to the west. As described by Wilson and Stearns (1963) the dome
extends from central Tennessee northeastward into Kentucky, and in Tennessee it swings
westward and plunges beneath the Mississippi Embayment. The dome is relatively narrow eastwest, resulting in an elongated dome shape with its arch axis trending northeast-southwest (Fig.
2.3). The Nashville Dome is reported to be a culmination along the much larger Cincinnati Arch
(Wilson and Stearns, 1963). The Cincinnati Arch is interpreted to have been created as a tectonic
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forebulge of the Appalachian Mountains (Root and Onasch, 1999). Root and Onasch (1999)
argue that the Cincinnati Arch is considered a first order structure that is a primary product of
plate convergence processes. However, another argument for the formation of the Nashville
Dome is that it formed from isostatic uplift after erosion (Wilson and Stearns, 1963).
Uplift of the dome occurred throughout the Paleozoic, which can support either of the
previously stated reasonings for its creation. The first argument, that the Nashville Dome formed
as a forebulge while the Appalachian Mountains were being uplifted, seems likely because the
dome is a culmination of the Cincinnati Arch (Wilson and Stearns, 1963), which itself is also
argued to be a forebulge of the Appalachian Mountains (Root and Onasch, 1999). The other
interpretation of the dome attributes uplift to a glacial forebulge and/or isostatic rebound due to
erosional unloading. The dome is situated at a reasonable distance from the last glacial maximum
to possibly support this claim. However, Stearns and Reesman (1986) state that recent
Pleistocene to Holocene uplift of the dome resulted in 450 ft (~137 m) of major river valley
entrenchment of the region. This is a good argument that the dome uplifted at least 450 ft (~137
m) in Quaternary. Yet the rebound explanation cannot account for ~244-259 m of cumulative
structural relief on the dome.
Finally, Stearns and Reesman (1986) argue that the dome axis has changed in location
and trend over time, starting with a north-south trend in the Cambrian and changing to a
northeast-southwest trend starting in the Devonian (Fig. 2.4). This clockwise change in axis trend
may have influenced the structures in the adjacent WHR. This rotation may also be a reflection
of the different pulses of Appalachian and Ouachita deformation throughout the Paleozoic.
Regardless of the Nashville Dome’s origin, it is certainly a part of the history I am telling
here with respect to the WHR. This is because the WHR is located on the western limb of the
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dome. Therefore, the WHR should exhibit an overall western dip in the Paleozoic rocks, if not
younger rocks too. As will be seen in the results, this is not the case.

2.4

Geographic Relationship to the Appalachian-Ouachita Orogenic Belt
The WHR is proximal to both the Appalachian and Ouachita mountains. This means that the

mesoscale structures in Paleozoic rocks of the WHR should record one or more phases of the
building of these mountain chains. Although they formed as one continuous mountain chain, the
WHR may have experienced multiple phases of deformation due to these far-field tectonic
stresses. One argument here is that the Appalachian Mountains formed from three distinct phases
(Hatcher, 2010) and each phase may have been a pulse that affected the WHR.
The WHR is located approximately 175 km west of the Appalachian Mountains (Thomas,
1989), and the Appalachians were a result of primarily east-west compression. This means that
indications of east-west compression seen in the mesoscale structures allows me to infer that
outcrop as having experienced an Appalachian pulse of deformation. The compression
orientations varied through time because the Appalachians are argued to have been “zipper”
tectonics as the Iapetus ocean closed from north to south (Hatcher, 2010) and the suite of these
orientations will be defined in Chapter 5. The WHR is located approximately 130 km north of
the subsurface Ouachita thrust front (Thomas, 1989), and the Ouachitas were a result of northsouth compression during the Paleozoic. Therefore, indication of north-south shortening in the
WHR Paleozoic rocks argues for that area experiencing an Ouachita pulse of deformation.
Orientation limits for these two orogenies are discussed below.
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Some outcrops exhibit indications of both north-south and east-west shortening along with
abutting relationships. This allows me to argue which pulse an area experienced to the greatest
degree, and the relative timing of Appalachian versus Ouachita pulses. With the Appalachian and
the Ouachita orogenic fronts being similar distances from the WHR, differences in the
abundance of data reflecting ~east-west or ~north-south shortening can give information with
respect to the relative intensity of the Appalachian and Ouachita collisions.

2.5

Local Geologic Setting
The WHR consists of Proterozoic basement rock at depth, exposed Paleozoic and Cretaceous

rocks, and inset Quaternary deposits. Following Whitmeyer and Karlstrom (2007), the basement
rock is the 1.55-1.3 Ga Granite-Rhyolite province. This study measured structures within the
Silurian Wayne Group, Silurian Decatur Limestone, Devonian Ross Formation, and
Mississippian Fort Payne Formation (Fig. 2.5). Where exposed in the field region, the Silurian
Wayne Group is a light-gray limestone with light-pink grains (probably dolomite), fine- to
medium-grained, and medium-bedded (Russell, 1964). The Silurian Decatur Limestone is a light
olive-gray and yellowish-gray to medium-gray limestone with variable concentrations of
reddish-brown grains. It is fine- to very coarse-grained and medium- to thick-bedded (Wilson,
1968b). The Devonian Ross Formation consists of a medium-gray and medium-dark gray to
light-olive-gray limestone. This limestone is fine-grained, thin-bedded, fossiliferous, and
contains a light-olive-gray chert as well as some medium-gray calcareous shale and siltstone
(Russell et al., 1972). Finally, the Mississippian Fort Payne Formation is highly variable within
the field region. It consists of an upper cherty facies and lower siltstone and shale facies. The
upper cherty facies have been weathered to yellowish-brown, granular siliceous residue. The
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lower siltstone and shale facies are slightly calcareous, olive-gray to brownish-gray, commonly
platy, with chert, and weathers to a yellowish-brown color (Russell et al., 1972).

2.6

Tectonic Background
The Appalachian orogeny comprises three distinct mountain building events: the Taconic

(Ordovician to Silurian), Acadian (Devonian to Mississippian), and Alleghanian (Mississippian
to Permian) orogenies (Thomas, 2006). These three orogenies are termed as “zipper tectonics”
(Hatcher, 2010), meaning the collision started in northeast Laurentia (Taconic) and then closed
the Iapetus Ocean from north to south to form Pangea. This means that the WHR may have
experienced stresses from all three of these orogenies because most of the rocks exposed are
Ordovician to Mississippian in age, but the WHR is geographically closer to the Alleghanian
collision margin. This Alleghanian footprint is the dominant deformation within the central and
southern Appalachians (Thomas, 2006 and Hatcher, 2010). Craddock and others (2007) report
calcite twinning data that show shortening directions of these three orogenies (Fig. 2.6), which
provides a basis for which orogeny caused the deformation to certain outcrops in the research
area. Although the Appalachian orogeny experienced east-west compression, note the subtle
differences in shortening directions reported by Craddock et al. (2007) relative to each orogenic
phase (Fig. 2.6).
Near the field region, while the Appalachian orogeny was colliding on the eastern margin
of Laurentia, the Ouachita orogeny collision was occurring on the southern edge of the craton.
These two orogenies are often paired together and termed the “Appalachian-Ouachita orogen”.
Locations of orogenic fronts and associated structures are shown in Figure 2.7. Thomas (1985)
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argues the maps show the orogenies as one continuous belt when he states, “The paleogeologic
map shows that a continuous belt of deformed rocks extends beneath the Coastal Plain from the
exposed Appalachian structures to the exposed Ouachita structures”. However, in more recent
years Thomas (2010) argues that the Ouachita collision near the field region occurred first when
he states, “The west trending frontal Appalachian thrust sheets truncate southeast trending
Ouachita thrust sheets in eastern Mississippi, consistent with the foreland-basin record of older
Ouachita tectonic-load…driven subsidence and sediment supply followed by Appalachian
thrusting”. Near the field region, Ouachita compression began in the middle Mississippian in the
Black Warrior Basin foreland and ceased in the middle Pennsylvanian (~309 Ma.) (Thomas 2006
and Thomas 2010). In contrast to Thomas (2010), Zeng et al. (2013) argue against a younger
Ouachita tectonic load when they state that there was likely Ouachita bulge movement through
the Appalachian basin and therefore the Appalachian compression must have occurred first.
They argue that Ouachita flexural effects are just as likely as Alleghanian forebulge with respect
to reactivating basement rift systems. Two strong arguments by Zeng et al. (2013) are first: “…
for the WNW-striking faults of the interior fault system in eastern Kentucky, the most probable
origin of their reactivation was the northeast-trending tensile stress generated by Ouachita
ﬂexure” (Fig. 2.8). And second, that the Kankakee Arch (Fig. 2.9), which separates the
Appalachian and Michigan Basins, might have initiated as a result of Ouachita flexural uplift
(Zeng et al., 2013). Whether you believe Thomas (2010) or Zeng et al. (2013), there is certainly
some disagreement on the relative timing of compression. During Appalachian and Ouachita
compression there was also formation of the Nashville Dome. However, note that uplift of the
dome might have occurred again in more recent time (Stearns and Reesman, 1986). Post-dating
orogenesis and dome uplift is the formation of the Mississippi Embayment, which was uplifted
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in the mid-Cretaceous and then subsided during the late-Cretaceous (Cox and Van Arsdale,
2002).
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Chapter 3 – Methods

3.1

Methods
Completion of this research was entirely dependent upon how I approached testing my

hypotheses, how I went about conducting field work, how I recorded data in the field, and in
which manner I chose to analyze data. Testing my hypotheses was accomplished through
plotting my data at map scale to view the distribution of structural data. To do this, I performed
reconnaissance of the field area, measured all mesoscale structures and described their
characteristics, and then made a data file that would later be used to create southern hemisphere
stereographic projections and rose diagrams. The stereographic projections and rose diagrams
would then be plotted on a map using ArcMap in order to show the spatial distribution of
Appalachian and Ouachita mesoscale deformational structures.

3.2

Reconnaissance
Performing reconnaissance of the field region was conducted in a few different manners.

To fully utilize my time in the field each day, preparation needed to be done so that the correct
areas of the field region were targeted. This reconnaissance involved surveying quadrangle maps,
visiting quarries, driving roads, surveying road cuts, and looking for bluff lines on the Tennessee
River.
First and foremost, because the WHR is approximately 150-200 km away from The
University of Memphis, I started with surveying quadrangle maps of the region. This was
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completed by using quadrangle maps provided by Dr. Randel Cox or accessing digital copies via
the United States Geological Survey at https://ngmdb.usgs.gov/ngm-bin/ngm_compsearch.pl.
When looking at these maps, I targeted previously documented structures such as faults or folds
and searched nearby those structures to look for other associated structures not previously
documented. I also targeted areas that are densely populated with Paleozoic rock units. Once
these areas were found, I looked at the topography to assess where outcrops containing structures
would mostly likely be. One example of this is finding an area of Mississippian rocks and
targeting localities with high topographic relief to hopefully find cliff faces with exposed
deformation. Surveying previously documented structures along with defining targets based on
topography proved successful and diminished wasted time in the field looking for deformation.
Accessing cliff faces within quarries that were extracting Paleozoic rocks was the initial
plan of attack for this research. However, safety regulations of active quarries in Paleozoic rocks
prevented access to the quarry walls. Several inactive quarries were accessed but degradation of
the quarry walls limited data collection.
Because much of the surficial geology in the field region is Paleozoic rocks, driving
highways also proved to be successful reconnaissance. There are two highways that trend northsouth on each side of the Tennessee River in the northern section of the field region. These
highways, HWY-641 and HWY-13 and roads that connect to them, have plentiful road cuts that
exhibit large systematic fractures. Driving these highways and stopping whenever road cuts were
present became a crucial addition to this research. However, one issue here is the effects that
dynamite has on the rocks due to blasting. We had to be sure we were looking at Paleozoic
deformation and not a dynamite borehole or a plumose structure from Mode I fracturing due to
the dynamite blast.
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The final method of reconnaissance was simply surveying maps and driving the field
region looking for river bluff faces. Anywhere there is a river bluff there is likely exposed
deformation thanks to the carving of the Tennessee River. This could be as complex as looking
for cut banks on a map and targeting them, or as simple as driving and turning on any road that
has the word “Bluff” in the name. The latter proved effective one day when driving and Dr.
Randel Cox saw “McCauley’s Bluff Road”, which became a locality of this research and is
discussed later (Chapter 5). If a river bluff seemed like a viable option, we would take the
Department of Earth Sciences boat and borrow a boat motor from the kind workers at CAESER
(Center for Applied Earth Science and Engineering Research) to access these bluffs. Going on
the river and finding bluff faces proved to be the most effective plan for finding and recording
data for this research.

3.3

Inferring Stress
Mesoscale structures observed in this research include Mode I extension fractures, folds,

and conjugate faults. For reference, this research follows common convention of the three
principal stresses where σ1 ≥ σ2 ≥ σ3. To infer stress directions, a correlation between each
structure’s orientation and tectonic shortening direction must be described. The maximum
horizontal stress is herein assumed to approximate σ1. Primarily Mode I extension fractures and
folds were recorded in this research. Dunne and Hancock (1994) define Mode I extension
fractures as fractures that form normal to the direction of σ3 at the time of failure and strike in the
direction of σ1. In this research, tectonic shortening direction was inferred as being parallel to
vertical and subvertical fracture sets interpreted as Mode I joints that opened in the direction of
extension (Fig. 3.1). Systematic sets of extension fractures are defined as planar or
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approximately planar fractures that belong to a regularly oriented set (Dunne and Hancock,
1994). Dunne and Hancock (1994) state the various definitions of a joint and further explain that
Mode I extension fractures are joints but not all joints are Mode I extension fractures. I will
follow their guidance and use the word “joint” as a field term for fractures that were observed as
cracks with no apparent offset. In terms of tectonic stress, Dunne and Hancock (1994) further
state, “Tectonic joints form at depth in the Earth’s crust before rocks are uplifted and denuded.
Joint initiation and propagation is a response to the combined action of abnormally high porefluid pressures generated during the tectonic compaction of sediments, and stresses of tectonic
origin.” Therefore, joint orientation can be used to infer paleostress direction. Tectonic
shortening direction for folds was inferred as being perpendicular to the axial plane (Fig. 3.2).
For example, combining these two concepts, a joint striking north-south and a fold axial plane
striking east-west both indicate a stress field with north-south compression being the tectonic
shortening direction. In addition, shortening direction was interpreted as bisecting the dihedral
angle of conjugate faults (Fig. 3.3). Dunne and Hancock (1994) state that conjugate faults have
an inward-moving block with a dihedral angle of approximately 60°. They add that the bisector
of the inward-moving block is parallel to σ1.

3.4

Data Collection
Collecting field data in the right manner was perhaps the most important part of this

entire research. It is important to let the data tell the history and not let your thoughts influence
the history you determine. This research is a classic structural geology project using a Brunton
compass, Trimble TDC100 Series GNSS, scan lines to measure data, and a field notebook to
record all data.
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The Brunton Pocket Transit, or Brunton compass, is a precise tool to measure strike and
dip or trend and plunge of any features in the field (Fig. 3.4). The Brunton compass consists of a
compass, clinometer, and hand level (Assaad, 2013). It was used to measure outcrop bedding,
fractures, fold limbs, fold axes, and scan line trends. These instruments combined allow me to
measure the strike and dip or trend and plunge of the mesoscale structures.
The Trimble TDC100 Series GNSS (Global Navigation Satellite System) is a standard
GNSS with 1.5m accuracy (https://geospatial.trimble.com/products-and-solutions/tdc100) that
was utilized to document the geographic location of each outcrop. This GPS also had camera
capabilities, so I was able to record location and photos of each outcrop with the same
instrument. This device also contains a notes section, but I completed all notes handwritten in my
field book and then made digital copies to assure that I would not lose the data in case I lost my
field notebook.
Scan lines are used as a measurement tool to find distances between each deformational
structure that was recorded. The scan line used in this research is measured in meters. The main
reason for using a scan line is to show the density of particular fracture sets to know whether the
deformation is widespread or closely spaced. If the deformation is closely spaced, it will help
argue that the fractures are within a shear zone as opposed to widespread deformation. Two or
more adjacent scan lines with different bearings permit estimation of true fracture density from
the observed fracture spacing and the angles between the scan line bearings and the strike of the
fracture set (Peacock et al., 2003).
For a field notebook I used the Rite in the Rain All-Weather Geological Notebook No.
540F. The pages were separated into 7 different columns: 1- structure type, 2- strike and dip (or
trend and plunge), 3- length, 4- planarity, 5- rock type, 6- scan line distance, and 7- comments.
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However, not all 7 columns were used on every page because some days we were in the same
type of rock all day and some days a scan line was not needed. The structure type column
described the measurement type (i.e. fracture, fold limb, etc.). A large majority of the mesoscale
fractures were vertical to subvertical systematic sets interpreted as Mode I extension fractures.
Systematic sets were determined by plotting poles to fracture planes on a stereogram. Then
closely clustered poles were grouped as one systematic set. The sets were verified by plotting
great circles of each fracture within a set on a stereogram to be sure that they all strike in a
similar orientation. Then fracture poles were plotted and grouped into their systematic sets (Fig.
3.5). Orientation is reflected by great circles on the stereogram and quantity of this directional
data are shown through rose diagrams. The length column was for describing the observed
vertical length of the structure, and this was primarily used for fractures. Length is separated into
values of 1 and 2 where Value 1 is any length <2 m and Value 2 is any length ≥2 m (Table 3.1).
The planarity column was for describing how planar the structure is. This was again primarily for
fractures. Planarity was classified as ‘planar’, ‘sub-planar’, ‘irregular’, or ‘undulating’. The
length and planarity descriptions are useful in weighting data. For example, longer fractures
and/or more planar fractures are assumed to record more intense episodes of deformation and are
weighted more heavily during interpretations of regional structural trends. The rock type was
used for describing the rock in the field and this was compared to what the quadrangle maps had
listed for the rock type at each location. The scan line column was for stating where on the scan
line each structure was located. Comments were mainly to describe location coordinates, step
over relationships, degree of weathering on the rock, abutting relationships, and other comments
specific to a certain locality. Within each systematic set the number of recorded fractures varies.
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Thus, when a particular set is discussed, the quantity of fractures is expressed by the letter “n”.
For example, if 12 fractures were recorded at a site, this is communicated by n=12.

3.5

Data Analysis
I analyzed my structural field data with the goal of determining the spatial distribution,

shortening direction, and relative timing of episodes of deformation within the WHR. To
properly show spatial distribution, I chose to make stereographic projections and rose diagrams,
and put them into a file in ArcMap for display as a map. The spatial scales I chose are 1: the
study area as a whole and 2: smaller blocks of the region bracketed by latitude. For relative
timing of deformation events, cross-cutting and abutting relationships were used to determine
younger fractures. A younger fracture trace will cross-cut or abut an older fracture (Dunne and
Hancock, 1994). Figure 3.6 shows an example of the younger fracture trace abutting an older
fracture trace. Cross-cutting relationships can be observed for Mode I fractures when the older
fracture has been healed by mineralization. In addition, the fold test was applied to determine if
fracture attitudes are related to folded rocks (fractures coincident or younger than folding) or in
stereographically unfolded rocks (fractures older than folding) (Whitaker and Bartholomew,
1999; Cox, 2009; Burberry, 2019).

3.5.1 Stereographic Projections
Stereographic projections, sometimes called a stereonet, were made using Stereonet 10
version 10.4.4 by Richard Allmendinger (Allmendinger, 2013). This application provides a
southern hemisphere projection of all the structural data onto an equal area stereonet. This allows
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me to analyze the recorded data to discern whether the structure is resultant of Appalachian or
Ouachita compression. One key point here is that I have both fracture and fold data. These
cannot be represented on the same stereonet because extensional fractures represent maximum
shortening parallel to their orientation (Dunne and Hancock, 1994) on a stereonet whereas
folding indicates shortening perpendicular to the fold axis. Therefore, the stereonet would
become too busy when trying to show fractures and fold limbs on the same plot, so I have broken
them into two separate plots for each locality if that locality contains both types of deformation.
These stereonets are accompanied by rose diagrams, which are circular histograms that represent
the quantity of directional data. This is useful if a locality exhibits both Appalachian and
Ouachita compression because after weighting the data (length, planarity, etc.), I can quantify
which compression direction was dominant. This can allow me to argue for which was the main
pulse, even if multiple pulses are represented on the plot.

3.5.2 Fold Test
The fold test entails stereographically rotating the orientations of fractures such that their
host bedding is horizontal. Using a fold test is important when analyzing fractures and folds that
were recorded within a tilted rock bed. This is because the orientation of these fractures may not
show their original attitude resulting from compression in the Paleozoic if they had later been
tilted along with the rock outcrop. If fracturing pre-dated folding, stereographically restoring the
bedding back to horizontal will show the true orientation of the fracturing from Paleozoic
compression. Note that this assumes that the Paleozoic rocks were horizontal before deformation.
Two types of fold tests used here are the Ellipse Area Test and Density Contouring (Burberry et
al., 2019; Whitaker and Bartholomew, 1999).
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3.5.3 Ellipse Area Test
The fold test was used to evaluate relative timing of fracture sets in the folded strata. The
first of two techniques is the Ellipse Area Test, which is done by using CanvasTM software to
measure ellipse area. This technique is semi-quantitative because ellipses are fit using the naked
eye, but area is calculated by the software. Comparison of the tightness of clustering of fracture
set poles for folded and for unfolded fracture host beds allows me to infer the age of a fracture
set relative to folding of the host bedding. The terminology used here is that rotated poles
represent unfolded fracture host bedding and unrotated poles represent folded fracture host
bedding. Tighter fracture pole clustering in folded strata (unrotated poles) indicates post-fold
fracturing, and tighter clustering in unfolded strata (rotated poles) indicates pre-fold fracturing.
Fracture sets that cluster equally in folded and unfolded strata indicate syn-fold fracturing.
Tightness of fracture pole clustering was quantified as the area of the smallest ellipse that
will contain the pole set on an equal-area stereonet. Using the ellipse areas for folded and
unfolded fracture set poles, the ratio of the larger ellipse area divided by the smaller area is
reported as a dimensionless value >1 that quantifies the increase in tightness of clustering of
poles. A value of ‘1’ indicates no change. Table 3.2 shows the ellipse area ratios that are
discussed in this research.

3.5.4 Density Contouring
Density contouring was also used to quantify tightness of pole clustering and the results
compared to ellipse fitting results. Stereonet 10 version 10.4.4 software was used to generate
contours, and higher contour values indicate tighter clustering. Densities of point data are
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measured as a percentage of the total number of points per 1% area of the stereogram. This
technique is a quantitative analysis because it is calculated by the stereonet program and
therefore a stronger argument than more qualitative ellipse area ratios for relative timing of
fracture formation. Vertical and subvertical fractures interpreted as Mode I extension fractures
(unless fault offset is observed) are assumed to have formed with vertical dip. Poles of
subvertical fracture sets that become more vertical in unfolded host strata indicate pre-fold
fracturing.
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Chapter 4 – Results

4.1

Sections
The WHR study area for this research is a rectangle in map view with boundaries of

88°28’30” W to 87°34’30” W and 34°59’53” N to 36°0’0” N. This rectangle is then split up into
four more rectangles of smaller area. Three of these rectangular sections contain data while the
fourth is an intervening section in which no data could be obtained. There are 10 main sites for
this research: Site 1- Pickwick Lake, Site 2- Lemert Bridge on HWY 64, Site 3- Decaturville
Roadcuts, Site 4- Mousetail Landing State Park, Site 5- HWY 641 North of Parsons, Site 6Lady Bluff, Site 7- Sycamore Landing Road, Site 8- Eagle Creek, Site 9- McCauley’s Bluff, and
Site 10- Southern Kentucky Lake. These sites are ordered with site 1 being the furthest south in
the region and increasing northward (Fig. 4.1). Some sites contain multiple stops along an
outcrop and other sites are all within one outcrop. Where multiple stops were made along an
outcrop, each stop is listed as a separate station with stations listed as S1, S2, S3, etc. The data
from these sites are Mode I fractures, folds, and faults.

4.2

Southern Section of the WHR: Sites 1 and 2
The southern section of the WHR contains two sites where data were obtained. Site 1 is

Pickwick Lake and Site 2 is an outcrop below Lemert Bridge on HWY 64 in Savannah, TN. This
southern section has a latitudinal range from 34°59’53” N to 35°20’0” N and a longitudinal
range from 88°28’30” W to 87°34’30” W (Fig. 4.2).
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4.2.1 Site 1: Pickwick Lake
Pickwick Lake is located in the south-central portion of the WHR along the TennesseeMississippi border (Fig. 4.3). At water level, this lake is mainly bounded by Devonian and
Mississippian aged rocks. The deformation at this site are Mode I fractures and folds. The 38
fractures range from >1 m to >6 m in vertical length. Most fractures are only bracketed by a
minimum length because they extend into the subsurface or below water level. Data from this
site are from the northern section of the lake because time limitations did not allow me to travel
the entirety of the lake collecting data.
The fractures at Pickwick Lake are present in the Devonian Ross Formation (Dr) and the
Mississippian Fort Payne Formation (Mfp). The first station begins at Pyburn Bluff (S1:
35°4’30” N, 88° 13’57” W) in the Dr, and these fractures are long and evenly spaced. Fracture
orientation, length, and planarity are represented in Table 4.1. This outcrop contains two main
systematic sets of fractures (Set 1 and Set 2). Set 1 strikes from 108°-148° and Set 2 strikes from
011°-034°. One fracture strikes 355° and I consider it to be an outlier in terms of these two
systematic sets. As seen in the rose diagram for this site (Fig. 4.4), the quantity of data is much
larger for Set 1. Set 1 has a large variation in fracture length ranging from tens of cm to >6 m.
Set 2 is more restricted with lengths from 30cm to >3m. See Table 3.1 for the observed length
values for each set. These two sets cross-cut with Set 1 cross-cutting Set 2 in multiple locations
of this site.
Deformation in the Mfp is located northeast (S2: 35°4’44” N, 88°13’27” W) of the Dr
deformation and consists of fractures and folding. The fractures at this site are more closely
spaced than those in the Dr, with spacing just a few centimeters apart. These fractures are planar,
perpendicular to bedding, and strike between 132°-141°, and thus are considered part of Set 1.
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There is one location (S3: 35°4’47” N, 88°13’27” W) where the fractures are nearly orthogonal,
and both abut each other (Fig. 4.5) with one set striking ~50° and the other ~136°. The fold test
was applied to all 38 measured fractures at this site. The ellipse fitting technique (Fig. 4.6) shows
that for NW-striking fractures the unrotated poles (i.e., folded host beds) form a tighter ellipse
than the rotated poles (i.e., unfolded host beds). For the NE-striking fractures the rotated poles
form a tighter ellipse than the unrotated poles. The ellipse area ratio for the NW-striking set is
1.123 and 1.089 for the NE-striking set (Table 3.2). Contouring of the poles shows tighter
clustering of the NE-striking poles in the rotated poles and the NW-striking poles show a similar
degree of clustering for unrotated and rotated poles (Fig. 4.7). Rotated poles show a slightly
higher percentage (~32%) relative to unrotated poles (~30%).
Folding within the Mfp at S2 is both monoclinal and antiformal. Two monoclines were
recorded, as well as six folds with their axes located ~10 m apart. The two monoclines (S2:
35°4’44” N, 88°13’27” W) are oriented such that their axes dip towards each other. The first
monocline has an axis oriented 359°, 40 E (Fig. 4.8) and the second monocline has an axis
oriented 137°, 19 S. The first monocline contains fractures oriented 145°, 90. These fractures are
local and systematic, just 1-2 cm apart. Both monoclines have horizontal bedding on both sides
of their axes. Folding is present at this location (S3: 35°4’46” N, 88°13’27” W) and consists of
seven fold limbs and therefore six axial planes were recorded. The six folds include three
antiforms and three synforms. Data for their limbs and axial planes are shown Table 4.2 The data
are listed from west to east along the outcrop, limb 1 furthest west and limb 7 furthest east, with
fold axial planes located between each limb listed. These fold axes are ~10m apart and fold limbs
project into the subsurface. All axial planes are NE-striking and the average strike of the six axial
planes is 027°.
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4.2.2 Site 2: Lemert Bridge on HWY 64 in Savannah, TN
Site 2 is one broad anticline present in the Silurian Wayne Group on the east side of the
Tennessee River north and south below the Lemert Bridge on HWY 64 in Savannah, TN
(35°13'28" N, 88°15'27" W) (Figs. 4.3 and 4.10). This anticline has an axial plane with an
orientation of 198°, 89 W. Bedding attitudes on the northern limb are 197°, 2 W and 184°, 4 W
and on the southern limb are 032°, 4 E and 031°, 2 E (Fig. 4.9). As shown by these limb data, the
fold is very gentle (Fig. 4.10). The fold is only seen in this one location and does not crop out
across the river to the west side due to development.

4.3

Central Section of the WHR: Sites 3, 4, 5 and 6
The Central Section of the WHR contains four sites where data were obtained. This

section has a latitudinal range from 35°30’0” N to 35°43’16” N and a longitudinal range from
88°28’30” W to 87°34’30” W (Fig. 4.11). These four sites are: Site 3- Decaturville Road Cuts,
Site 4- Mousetail Landing State Park, Site 5- HWY 641 Road Cuts North of Parsons, TN, and
Site 6- Lady Bluff. The discussion of these sites moves geographically from Site 3 in the south to
Site 6 in the north of this Central Section.

4.3.1 Site 3: Decaturville Road Cuts
Site 3 consists of six large fractures along HWY 641 just north of Decaturville, TN
(35°35’32” N, 88°7’28” W) (Fig. 4.12). These fractures are present in a road cut of Silurian
Decatur Limestone (Sd). See Table 4.3 for the complete list of fracture data. These fractures
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range in strike from 025°- 036° and dip from 84 S-87 S (Fig. 4.13A). There is one fracture with
an observed length value of 1 and five fractures with a value of 2. As seen in the rose diagram of
Figure 4.13B these data are all oriented in a similar trend and show one dominant direction of
~NE-SW. Fractures are widespread (>10 m apart) and most are >6 m high, with two outliers
being >3 m and 1 m (Fig. 4.14). All these fracture faces are planar to sub-planar, but most of
them are heavily weathered.
The fold test was applied to the 10 fractures at Site 3. The ellipse fitting technique shows
that the unrotated poles form a slightly tighter ellipse than the rotated poles (Fig. 4.15) with an
ellipse area ratio of 1.012 (Table 3.2). Contouring of the fracture poles does not show any tighter
clustering; however, it does show that the rotated poles move closer to the primitive circle of the
stereogram (Fig. 4.16). This would indicate that after rotating the host bedding the fractures are
more vertical than before rotation. Both unrotated and rotated stereograms show a density
contour percent of 100%.

4.3.2 Site 4: Mousetail Landing State Park
Site 4 is the face of a river bluff along the western side of the Tennessee River
(35°38'29"N, 88°1'47"W) just west of Mousetail Landing State Park (Fig. 4.12). Data were
recorded from north to south along this river bluff and these values are expressed in Table 4.4.
Bedding attitudes at Site 4 define a fold axial plane that strikes 020 and dips 86 E (Fig. 4.17).
This bluff face contains fractures within the Silurian Decatur Limestone (Sd). The fractures vary
in nature from continuous to discontinuous. Figure 4.18 shows an example of a discontinuous
fracture, whereas Figure 4.19 shows larger, continuous fractures. These fractures are highly
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variable in strike, which is reflected in the stereogram of Figure 4.20A. There are 22 total
fractures measured of various lengths and planarity. By plotting poles to fractures on a
stereogram they were grouped into three sets with two outlier fractures that are classified as
“Other”. The three sets are confined within the range of strikes that follow: Set 1: 286°-315°
(n=7), Set 2: 017°-044° (n=9), and Set 3: 337°-353° (n=4). The two outlier fractures have strikes
of 261° and 272°. Dip values of these fractures vary from 47° to vertical and they vary between
northerly and southernly dips. Although this is a large variation in strike orientation, the rose
diagram of this site shows a dominant direction oriented NE-SW (Fig. 4.20B). Fractures are
anywhere from ~0.5 m to >10 m in vertical length and most are planar to sub-planar. See Table
3.1 for the observed length values for each set. Those fractures with smaller vertical lengths are
perhaps not tectonic.
The fold test was applied to all 22 fractures at Site 4. The ellipse fitting technique shows
that for NW-striking and NE-striking fractures the unrotated poles form a tighter ellipse than the
rotated poles (Fig 4.21). Contouring of the fracture poles shows that the NE-striking fractures are
more vertical in the unrotated poles and no overall systematic shift in the poles for the NWstriking fractures upon rotation of the bedding (Fig. 4.22). Both rotated and unrotated plots show
a density contour percentage of 26%.

4.3.3 Site 5: HWY 641 Road Cuts North of Parsons, TN
Site 5 contains data from two separate road cuts along HWY 641 ~7 km north of Parsons,
TN (35°42’30” N, 88°6’30” W) (Fig. 4.12) along with data from a quarry ~1.8 km south of the
road cuts. This location is ~10 km northwest of Site 4. The roadcut data are fractures in the
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Silurian Decatur Limestone (Sd). This roadcut is split into two outcrops, a northern and southern
outcrop. Fractures in each outcrop contain two systematic sets. These sets are shown in Table
4.5. The first set (Set 1) strikes between 020°-056° and the second set (Set 2) strikes from 280°308° (Fig 4.23A), along with two outliers striking 332° and 325°. Set 1 contains dips ranging
from 88 S to 78 N with one outlier dipping 70 N, whereas Set 2 dips vary from 86 S to 78 N. The
rose diagram for these data (Fig. 4.23B) shows a similar quantity in the directional data between
the two sets. Within both outcrops the fracture vertical length ranges from >1 m to >4 m and
there are two outlier fractures that are <0.5 m in length. See Table 3.1 for the observed length
values for each set. The fractures in the southern outcrop are mostly planar, whereas the fractures
in the northern outcrop are heavily weathered, and original planarity is obscured. Within these
sets is an abutting relationship where Set 1 fractures terminate at their contact with Set 2
fractures. Finally, there is one set of lateral fracture plane steps present in ~horizontal bedding,
and these right-stepping steps are oriented 323°, 89 E. The fracture plane steps are ~20 cm long
and ~8 cm wide.
The fold test was applied to all 20 fractures at this site. Ellipse fitting shows that for the
NW-striking fractures the rotated poles form a tighter ellipse with a ratio of 1.680, whereas for
the NE-striking fractures the unrotated poles form the tighter ellipse with a ratio of 1.142 (Fig.
4.24). Note that the ellipse area ratio is much larger for the NW-striking fractures than for the
NE-striking fractures (Table 3.2). Contouring of the poles shows that for the NE-striking
fractures the rotated poles are more vertical than the unrotated poles (Fig. 4.25). For the NWstriking fractures, there is no difference in mean dip of rotated and unrotated poles. Both rotated
and unrotated plots show a density contour percentage of 24%.

29

Fault data were obtained and shared by Dr. Randel Cox at the Parsons quarry location of
Vulcan Materials Company (35°41’28” N, 88°6’38” W) located ~1.8 km south of Site 5. Data
for these faults are shown in Table 4.6. Fiber lineations on the fault planes show horizontal slip
on two sets. These five conjugate strike-slip faults strike northeast (right-lateral) and northwest
(left-lateral). The dihedral angle that bisects these faults is oriented ~east-west and therefore the
main shortening direction (σ1) is ~east-west (Fig. 4.26).

4.3.4 Site 6: Lady Bluff
Lady Bluff is the northern most location within the Central Section of the WHR. Unlike
the other three sites in this section, Lady Bluff is located on the eastern side of the Tennessee
River (35°41’11” N, 87°56’46” W) (Fig. 4.12). The outcrop bedding for this site has an
orientation of 359°, 15 E, and is composed of the Silurian Decatur Limestone (Sd). The outcrop
is dense with fractures, but due to time restrictions 12 representative fractures were recorded at
this site. The data for these fractures are shown in Table 4.7. These fractures range in strike from
036°-051° and the dips range from 83 E-81 W (Fig. 4.27A). The small 015° range in strike
between all fractures argues that these are systematic fractures. Figure 4.27B shows NE-SW as
the one dominant direction in the data. These fractures are >3 m to >6 m in vertical length with
two outliers being <1 m and ~1 m. See Table 3.1 for the observed length values for each fracture.
Fractures are heavily weathered, which is why none of them are documented as planar, and only
four are documented as sub-planar with the others being irregular.
Applying the fold test to all 12 fractures at Site 6 proved contradictory between the two
techniques. Ellipses fit to the rotated and unrotated poles of the NE-striking fractures shows that
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the unrotated poles form a tighter ellipse (Fig. 4.28) with an ellipse ratio of 1.073 (Table 3.2).
The unrotated poles are also more vertical than the rotated poles (Fig. 4.29). Both unrotated and
rotated plots show a density contour percentage of 82%. Contouring these poles shows no
change in the cluster density.

4.4

Northern Section of the WHR: Sites 7, 8, 9 and 10
The Northern Section of the WHR consists of four sites where data were obtained. This

section has a latitudinal range from 35°47’2” N to 36°0’0” N and a longitudinal range from
88°28’30” W to 87°34’30” W (Fig. 4.30). These sites are: Site 7- Sycamore Landing Road, Site
8- Eagle Creek, Site 9- McCauley’s Bluff, and Site 10- Southern Kentucky Lake. Site 7 is along
a road on the eastern side of the Tennessee River and Sites 8 through 10 are on the west side of
the Tennessee River near Camden, TN.

4.4.1 Site 7: Sycamore Landing Road
The Sycamore Landing Road site is located at 35°56’45” N, 87°53’29” W, approximately
1.5 km west of Bakerville, TN (Fig. 4.31). Data obtained from this site were measured on the
Mississippian Fort Payne Formation (Mfp). The main structure at this site is a gentle mesoscale
antiform (Figs. 4.32 and 4.33) exposed in a road cut along Sycamore Landing Road. The
antiform limbs dip from 8°-24°, and the axial plane for this fold is oriented 253°, 86 N (Fig.
4.34). The fold amplitude is ~0.8-1 m and the observed width, is ~10-12 m. Fractures are present
nearby, but no other folds were observed. Five recorded fractures (Table 4.8) are proximal to and
SW of the fold (Fig. 4.35). The fractures in this outcrop have strikes ranging from 287°-320°,
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with one outlier that strikes 191°, and dips that range from 82 S – 89 N with one outlier that dips
62 S. Although there are few fractures, Figure 4.36
shows a dominant trend of ~NW-SE. The fractures range from 15 cm to >50 cm in
vertical length and are mostly planar. Fracture density was recorded using a scan line. The
closest apparent spacing is 0.2 m and the average true spacing is 1.47 m. All fractures measured
were in bedding of uniform strike and dip, so no fold test was applied.

4.4.2 Site 8: Eagle Creek
The Eagle Creek sites are along the southern bank of Eagle Creek near the confluence
with the Tennessee River (35° 54' 53” N, 87° 56' 22” W) (Fig. 4.31). There were four stations for
this site (S1-S4) that are all separate outcrops. Within these stations are fractures (n=33) and a
compressional fault. At station S1 there is offset as strata are traced across the outcrop (Fig.
4.37). The main shear plane of this fault has a similar orientation to the fractures present in the
outcrop. In fact, it has the same strike and dip (085°, 89 S) as Fr 6 (Table 4.9), which is 0.7 m
from the fault.
All data from each station are recorded within the Mississippian Fort Payne Formation
(Mfp). The fractures at these four stations fit into four separate systematic sets. Data for these
sets are represented in Table 4.9. All fracture lengths can be found for each site in Table 3.1. The
sets will be discussed separately next, and then the site as a whole.
The four systematic fracture sets imbedded in seven different host bedding orientations
(OB). These bedding orientations are 045°, 8 N (OB1), horizontal (OB2), 085°, 18 S (OB3),
137°, 65 S (OB4), 038°, 10 S (OB5), 172°, 9 E, (OB6), and 126°, 14 N (OB7). Most systematic
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sets contain fractures within multiple bedding orientations of those listed above. Scan lines were
used at S1 and S3 and are discussed below. These separate host bedding orientations were used
with their respective fractures to rotate fractures and host bedding back to horizontal when
applying the fold test, which is discussed in Chapter 5.
The first systematic set (Set 1) is defined as all fractures that strike from 070°-094°
(n=12) (Fig. 4.38A). These 12 fractures are hosted in OBs 1, 2, 4, 5, and 6. Fracture dips range
from 85 S to 80 N with one outlier dipping 73 N. The dominant direction of strike for this set is
~E-W (Fig. 4.39A). Most fractures are <2 m in vertical length but one is >2 m. They are all
planar except one is sub-planar and another is irregular. One fracture (093°, 89 N) is planar but is
not continuous up section.
The next set (Set 2) contains all recorded fractures that strike from 117°-143° (n=13) and
they are within host beddings OB 1, and 3-7 (Fig. 4.38B). The dips range from 67 S to 84 N with
one outlier dipping 52 S. The dominant direction for these fractures is NW-SE (Fig. 4.39B). Of
these fractures, the majority have <2 m of vertical length with two outliers of >2 m and >4 m.
Some of these fractures are short and vertically restricted to various strata but are laterally
continuous, for example fracture (Fr 5) oriented 117°, 89 S (Table 4.9). Eight of the fractures are
classified as planar and the other four are sub-planar.
The final two sets have a low quantity of fractures and lower overall dips. Set 3 (n=4)
consists of fractures that strike from 173°-203° and exist within host beddings OB 1 and 4 (Fig.
4.38C). Fracture dips range from 71 S to 74 N with one fracture being nearly vertical at 88 N.
The dominant direction of data in this set is NNE-SSW (Fig. 4.39C). Three fractures are >2 m in
vertical length and one is >1 m. One fracture is planar, one is sub-planar, and the other two are
irregular.
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The final systematic set (Set 4) includes all structures within OB4 that strike from 217°232° (n=4) (Fig. 4.38D). These appeared to be Mode I fractures in the field because no offset
was observed. However, none of these structures dip greater than 55 N and these dips are more
characteristic of incipient normal faulting. Whether these structures are fractures or normal
faults, the dominant direction of data show NE-SW compression. Three of the structures die out
up and down section and are 2-4 m in vertical length, while the fourth structure (Fr 18) is
bracketed as >2 m in length, and they are all planar.
While the fracture data for each station can be broken up into distinct systematic sets, the
data for all Site 8 Eagle Creek combined (Fig. 4.38E) are scattered. The trend in the data for the
entire Site 8 (Fig. 4.39E) shows dominant directional trends of ~E-W, NE-SW and NW-SE. It is
important to note that ~E-W and NW-SE correlate with sets 1 and 2, which have the larger
quantity of data and more vertical dips.
The fold test was applied to all 32 fractures from the four systematic sets at this site.
Ellipse fitting shows that for all four major fracture trends, E- and N- and NE- and NW-striking,
the rotated poles form equal or tighter ellipses relative to unrotated poles (Fig. 4.40). The ellipse
area ratio for each fracture trend are: E-striking – 1.110, N-striking – 1.500, NE-striking – 1.000
and NW-striking – 1.151 (Table 3.2). Contouring of the poles displays a bullseye in the rotated
poles of the NW-striking fractures, which argues that these poles are higher in density than their
unrotated counterparts (Fig. 4.41). Density contour percentages show tighter clustering of rotated
poles (~22%) relative to unrotated poles (~16%). Unrotated poles of E-striking fractures are
closer to the primitive circle and therefore more vertical than the rotated ones.
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4.4.3 Site 9: McCauley’s Bluff
McCauley’s Bluff is a bluff face exposed on the southern side of the Tennessee River at
35° 57' 12” N, 88° 1' 6” W (Fig. 4.31) ~14 km SE of Camden, TN. The composition of this bluff
exposure is the Mississippian Fort Payne Formation (Mfp) and the structures recorded are
fractures (Table 4.10). Data are broken up into two separate scan lines: Scan Line A and Scan
Line B. The bluff face itself is tilted ~006° (Fig. 4.42).
Fractures along scan lines A and B both fit into one systematic set with strikes ranging
from 092°-103°. Scan Line A trends 290° and its fracture location values start on the southeast at
0 m and ends on the northwest at 6.3 m. For this scan line, the fractures strike from 92°-102°,
with two outliers striking 022° and 040° (Fig. 4.43A). Not including the outliers, all dips range
from 79 S to 86 S. The rose diagram in Figure 4.43B shows a dominant strike direction of E-W.
These fractures are all planar except the two outliers, which are sub-planar. The planar fractures
range in vertical length from >0.5 m to >4 m. Scan Line B begins where Scan Line A ended and
shifts to an orientation of 309°. This scan line goes from 0 m to 8.6 m. Fractures in this set range
from 94°-103° with no outliers (Fig. 4.44A). As with Scan Line A, these fractures show one
dominant direction that is also E-W (Fig. 4.44B). These fractures are all planar and three of them
are vertically discontinuous ranging in length from >0.5 m to >2 m. For all fractures recorded at
this site in Scan Line A the closest apparent spacing is 0.1 m and the average true spacing is 0.20
m. For Scan Line B the closest apparent spacing is 0.1 m and the average true spacing is 0.26 m.
The fold test was applied to all fractures recorded in the Site 9 outcrop, including the
Scan Line A outliers. Ellipse fitting shows that the rotated poles to the E-striking fractures form a
tighter ellipse than the unrotated poles (Fig. 4.45) with an ellipse area ratio of 1.194. The two
outliers are NE-striking fractures, and the rotated poles also form a tighter ellipse than the
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unrotated poles with an ellipse area ratio of 1.309 (Table 3.2). Density contour percentages show
tighter clustering of rotated poles (~72%) relative to unrotated poles (~64%) (Fig. 4.46).

4.4.4 Site 10: Southern Kentucky Lake
The final site for this research, Site 10, is a bluff along the southern margin of Kentucky
Lake where the Tennessee River bends around New Johnsonville, TN (35° 57' 25” N, 88° 1' 13”
W) (Fig. 4.31). This site contains five separate stations with folds as well as a fracture set and a
possible fault. First, I will discuss the folds along with nearby fractures, and then the fault. The
discussion of folds will start with Fold 1 on the west and move to the east.
Fold 1 (35° 57' 26” N, 88° 1' 14” W) has a north limb orientated 289°, 25 N and a south
limb oriented 324°, 38 S. The axial plane strikes 310° and dips 83 N (Fig. 4.47A). The hinge is
tight at the water line and broadens as you move up section. A chert horizon traced across the
fold shows offset with up on the north (Figs. 4.48 and 4.49). Two fracture sets were documented.
Set 1 is located ~50 m north of Fold 1. These fractures strike 013, 019, and 033. Dips are 88 S,
87 S, and 78 N respectively. Set 2 fractures strike 023°, 024° and 126°. Dips are 77 S, 57 N and
79S respectively. Fractures are plotted on Figure 4.50A and the rose diagram for these fractures
shows one dominant direction of ~NNE-SSW (Fig. 4.50B). The orientations for Fold 2 (35° 57'
20” N, 88° 1' 12" W) are: north limb 120°, 17 N, south limb 120°, 39 S (Figs. 4.51 and 4.52), and
the axial plane 300°, 79 N (Fig. 4.47B). The orientations for Fold 3 (35° 57' 18" N, 88° 1' 9" W)
are: north limb 110°, 46 N, south limb 047°, 23 S (Fig. 4.53), and the axial plane 089°, 77 S (Fig.
4.47C). The orientations for Fold 4 (35° 57' 10” N, 88° 1' 5” W) are: north limb 049°, 7 N, south
limb 043°, 5 S (Fig. 4.54), and the axial pane 047°, 89 S (Fig. 4.47D). The orientations of Fold 5
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(35° 57' 8” N, 88° 1' 4” W) are: north limb 115°, 9 N, south limb 081°, 11 S (Fig. 4.55), and the
axial plane 276°, 89 N (Fig. 4.47E). Another representation of these data is seen in Table 4.11.
Together these fold axes are shown in Figure 4.56 where red is Fold 1, green is Fold 2, purple is
Fold 3, blue is Fold 4, and brown is Fold 5. The fault (Fig. 4.57) is located at 35°57'22" N,
88°01'12" W, which is proximal to Fold 1. The bedding north of this fault is oriented 120°, 22 N
and south of the fault is 102°, 12 S. Orientation of the fault could not be measured in the field.
The hanging wall is up on the south side of this fault. Finally, another group of fractures was
recorded just southeast of Fold 5.
The fold test was applied to the six fractures at Site 10. These NE-striking fractures show
a tighter ellipse in the rotated poles compared to unrotated poles (Fig. 4.58) with an ellipse area
ratio of 1.229 (Table 3.2). Density contour percentages show a slightly tighter clustering of
rotated poles (~34%) relative to unrotated poles (~32%) (Fig. 4.59).
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Chapter 5 – Discussion

5.1

Appalachian or Ouachita Compression?
The goal of this research is to answer whether the WHR research area experienced

dominantly Appalachian or Ouachita compression, during the Paleozoic. To arrive at a
conclusion, some criteria need to be set to decide whether a dataset infers Appalachian or
Ouachita compression. As stated earlier, Appalachian compression occurred as relatively eastwest compression whereas Ouachita compression was relatively north-south. Yet not all the data
herein collected indicate purely north-south or purely east-west compression. Also, the
Appalachian orogeny resulted from transpressional “zipper tectonics” followed by head-on
collision (Hatcher, 2010) as the Iapetus ocean closed from north to south. Thus, the data will not
show purely east-west compression for the Appalachian orogeny, but rather a range of directions
from northeast-southwest to east-west compression. The Ouachita orogeny, as argued by Arbenz
(1989), was oblique convergence but resulted in relatively north-south compression. Initial
oblique compression is further argued by Tull and others (2007) who state, “The Ouachita
accretionary prism initially overrode Laurentian continental crust obliquely…” and their
interpretation is represented in Figure 5.1. Figure 2.6, taken from Craddock et al. (2017), was
used to determine these compression direction ranges. The reported compression directions for
these orogenies, in combination with analysis of reported shortening directions from previous
research, allows me to assume the limits of Appalachian versus Ouachita compression directions.
Appalachian compression is any tectonic shortening data ranging from 055°-160° and Ouachita
compression is 340°-055° (Fig. 5.1). The 160° cutoff is plausible because when comparing the
Appalachian and Ouachita compression directions present in Figure 2.6 there is a transition in
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sets of shortening directions at this angle. Two arguments support the 340°-055° cutoff angle for
Ouachita compression. First, Arbenz (1989) argues that Ouachita compression was initially
oblique before resulting in ~north-south compression. And second, Tull and others (2007) argue
for initial oblique compression where they state, “The Ouachita accretionary prism initially
overrode Laurentian continental crust obliquely…” and this interpretation is represented in
Figure 5.2.

5.2

Discussion by Locality
The data for this research are presented from a small to large spatial scale. I start

discussing each site within a section, then an entire section, then how the sections relate to each
other, and finally the entire WHR. Mesoscale structures recorded within the WHR are assumed
to be caused by the far-field stresses of the Appalachian and Ouachita orogenies. This
assumption is supported by Craddock et al. (2017) who state “Far-ﬁeld tectonic stresses are also
preserved in older rocks as measurable ﬁnite strains in foreland settings that are proximal and up
to 2000 km inboard of a thrust belt where both diﬀerential stress and strain magnitudes decrease
into the foreland of a given orogeny.” The WHR is located 130 km north of the subsurface
Ouachita tectonic front and 175 km west of the Appalachian tectonic front. Both of these
distances are well below the 2000 km limit given by Craddock et al. (2017).

5.3

Southern Section
The Southern Section of the WHR (Fig. 4.2) includes Sites 1 and 2, which contain

mesoscale structures of both Mode I extension fractures and folding. Structures recorded in this
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section are within the Silurian Wayne Group (Site 2), Devonian Ross Formation (Site 1) and
Mississippian Fort Payne Formation (Site 1). Site 1 shows evidence of Appalachian and
Ouachita compression while Site 2 shows evidence of Appalachian compression.

5.3.1 Site 1: Pickwick Lake Discussion
Site 1 (Pickwick Lake) (Fig. 4.3) shows a strong indication of both Appalachian and
Ouachita compression in the fracture data (Fig. 4.4). However, as indicated in the results section,
cross-cutting relationships in the Devonian Ross Formation (Dr) are present. These relationships
show that fractures of Set 1 (108°-148°) cross-cuts Set 2 (011°-034°), which argues for younger
Appalachian compression relative to Ouachita compression in this area of the field region in
post-Devonian time.
The fold test was applied to all 38 recorded fractures at Site 1 to further assess relative
timing of fracturing between Sets 1 and 2. The ellipse fitting technique (Fig. 4.6) shows that for
the NW-striking fractures of Set 1, the unrotated poles have a smaller ellipse area with an ellipse
area ratio of 1.123. For NE-striking fractures of Set 2, the rotated poles have a smaller ellipse
area with an ellipse area ratio of 1.089 (Table 3.2). This suggests that the NE-striking fractures
pre-date folding and formed prior to NW-striking fractures at this site. This interpretation is
consistent with the cross-cutting relationships described above.
Contouring of fracture poles also shows evidence that the NE-striking fractures pre-date
folding. In Figure 4.7 the rotated NE-striking fracture poles plot closer to the primitive circle
(NW quadrant), which indicates that the fractures were closer to vertical before folding of the
host bedding. However, the unrotated fracture poles appear to plot closer to the primitive circle
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in the SE quadrant (Fig. 4.7), so these NE-striking fractures may have formed pre- and synfolding of their host bedding. This agrees with the ellipse fitting technique for NE-striking
fractures because it suggests fracture formation pre-folding of the host bedding, but with the
ellipse area ratio so close to a value of 1.000 it also argues that fractures formed syn-folding of
the host bedding. NW-striking fractures are interpreted as syn-folding and/or post-folding
because the fracture poles have very slight variations in the rotated and unrotated plots. The
rotated poles show a density contour percentage of ~32%, which is slightly higher than the
unrotated percentage of ~30%. This is a weak argument for fracture formation pre-folding of the
host bedding. Thus, both the fold test and density contouring both agree with the cross-cutting
relationships observed in the field and strongly argue for an older Ouachita compression,
followed by some Appalachian and Ouachita overlap, and then a younger Appalachian
compression at this site. Field evidence for this Appalachian and Ouachita compression overlap
can be seen in Figure 4.5. Notice that both NW- and NE-striking fractures cross-cut each other.
Folding is also present at Site 1 as antiforms/synforms and monoclines. Folding measured
at this site is within the Mississippian Fort Payne formation and shows seven fold limbs (Table
4.2) and six axial planes were calculated. The average strike of these six axial planes is at an
orientation of 027°. Therefore, σ1 at the time of deformation occurred at an orientation of 117°,
which fits within the range of Appalachian compression directions. Monoclinal folding is
interpreted as such because folding occurs across 3-4m and begins to flatten to horizontal at the
water surface (Fig. 4.8). It is also possible that they are part of a broad plunging synform that
connects at depth, but I rule this out due to the observed flattening. This monocline indicates
Appalachian compression because the axial plane strikes 359° and dips 40 E. A systematic
fracture set within this monocline strikes ~145°. A ~north-south trending axial plane and
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fractures striking ~145° both fit within the criteria for ~east-west Appalachian compression. All
folding present at this site suggests deformation due to Appalachian compression in the late
Paleozoic.

5.3.2 Site 2: Savannah, TN Discussion
Site 2 (Savannah, TN) also contains folding within the Silurian Wayne Group. Figure 4.9
shows a gentle fold with an axial plane striking 199° and an 89 W dip. Assuming that the
principal stress direction during deformation was oriented 90° from the strike of this axial plane,
σ1 during deformation was at an orientation of ~109° (Fig. 5.3). A σ1 direction of 109° is strong
evidence for Appalachian compression having deformed this structure. Appalachian compression
timing for Site 2 can be bracketed as Silurian or later, but there is no evidence of an exact timing
of deformation.

5.3.3 Southern Section Discussion
Evidence for when the transition from Ouachita to Appalachian compression occurred in
the Southern Section is weak because only a small section of Pickwick Lake at Site 1 was
explored. Both Appalachian and Ouachita oriented structures are present in the Devonian Ross
Formation and cross-cutting relationships at Site 1 indicated an older Ouachita tectonic load.
Therefore, it is argued that the Southern Section experienced Ouachita compression first.
However, due to convention that Ouachita compression did not occur in the Devonian, there
cannot be any arguments made for when the older Ouachita compression occurred. Tull et al.
(2007) do state that Ouachita arc collision with the corner of the Alabama promontory (Fig. 5.2)
42

occurred most probably ca. 330 Ma, but possibly as early as ca. 375 Ma. 375 Ma would
correspond to Devonian, which gives a possible argument that these structures formed in the
Devonian. However, I propose that this is a weak argument and structures formed during the
Mississippian, which better follows the common convention for Ouachita compression. The
Appalachian and Ouachita fracture sets in the Dr are interpreted to have formed sometime in the
Mississippian to Permian. Therefore, the Appalachian structures most likely formed as a result of
the Alleghanian orogeny (Thomas, 2006 and Hatcher, 2010). The Alleghanian phase occurred
throughout the Mississippian to Permian, thus the monoclinal folding within the Mfp is also
likely to be an Alleghanian structure.
Combining the Appalachian interpretation within Devonian and Mississippian aged rocks
with the cross-cutting relationships indicating an older Ouachita tectonic load, I interpret that the
Southern Section experienced Ouachita compression first, then some overlap between Ouachita
and Appalachian compression, and then dominantly Appalachian compression. This older
Ouachita pulse is consistent with arguments made by Thomas (2010). Appalachian oriented
structures are present in both the Dr and Mfp, which is justification for overlap of both
Appalachian and Ouachita deformation. However, no absolute timing can be argued except that
these fractures post-date the age of their host rock. Due to no overlying post-Mississippian strata
in this section, there is no interpretation of the cessation of Appalachian compression in this area.
Since Appalachian oriented structures are present in all recorded strata, I argue that the main
tectonic pulse experienced in the Southern Section was Appalachian compression.
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5.4

WHR Section with No Data
In the section of the WHR from latitude 35°20’00” N to 35°30’00” N no mesoscale

structures were found or recorded in the field for this research. Areas of the Tennessee River in
this section were explored by boat and no structures were observed due to lack of outcrop. As
stated in Chapter 1, regions where the Paleozoic rocks are dominantly shales have no recordable
structures because the shales are low slope formers and presently covered by weathering profiles.
The geologic maps in this section show many rocks of Ordovician and Silurian age that are finegrained, thin bedded shales and some interbedded limestones (Wilson, 1967b). The Clifton
Quadrangle of Tennessee (Wilson, 1967b) shows that this section contains the Ordovician
Hermitage Formation and Richmond Group, both of which have shale components. The Silurian
Waldron Shale, Osgood Formation, and Dixon Formation are also present in certain areas and
each have shale components.
Note that the shale composition of this section is by no means the only reasoning for the
lack of structures. It could very well be that this area of the WHR simply did not experience
deformation resultant of Appalachian and/or Ouachita compression. Another argument is that
tectonic shortening occurred but did not create structures that persist throughout an entire field
area. For example, Cruikshank and Aydin (1995) report multiple joint sets are present in Arches
National Park, but no set is continually present throughout the entire field region (Fig.5.4).
Notice in Figure 5.4 that joint sets of multiple orientations are recorded, but no set persists
throughout the entire region. Figure 5.4 even shows a section with no recorded joints, which is
similar to the situation for this section of the WHR. Although their report describes joints in
sandstones, it nonetheless supports the argument that structures may not be observed continually
throughout a field region.
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5.5

Central Section
The Central Section of the WHR includes Sites 3, 4, 5 and 6 (Fig. 4.11) and contains

Mode I extension fractures. All mesoscale structures recorded within this section are present in
the Silurian Decatur Limestone (Sd). Figure 5.5 reveals that each site has at least one prominent
direction of strike data at ~40°-50°. For all four sites this prominent direction is below the 055°
cutoff angle and within the range of Ouachita compression. Data at Sites 4 and 5 show more than
one prominent fracture orientation, as well as a higher quantity of fractures. Site 4 is broken up
into three systematic sets and Site 5 has two systematic sets. Both Appalachian and Ouachita
deformation is interpreted from the data within this section and for some sites relative timing is
presented below.

5.5.1 Site 3: Decaturville Discussion
The six fractures at Site 3 are interpreted as Mode I extension fractures because of their
length and planarity. Five of the six fractures have a length value of 2 (Table 3.1) and are planar
to subplanar. Subplanar fractures are only classified as such because they are heavily weathered.
These fractures strike between 025° and 036°, which fits within the range of Ouachita
compression direction.
For the ellipse fitting technique, the fold test shows that the unrotated fracture poles form
a tighter ellipse than the rotated poles with an ellipse area ratio of 1.012 (Table 3.2). Although
this suggests that the fractures formed post-folding of host bedding, it is a weak argument due to
how close the ellipse area ratio is to 1.000.
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Density contouring of fracture poles shows that rotated poles plot slightly closer to the
primitive circle and therefore suggest that fracturing occurred before folding of the host bedding
(Fig. 4.16). Density contour percentages are equal for rotated and unrotated poles. I favor the
density contouring technique because it provides a stronger argument than the ellipse fitting
technique. With the assumption that these are Mode I extension fractures, the high planarity of
these fractures combined with the density contouring technique suggests that these fractures
formed before tilting of the host bedding. Combining these techniques with the orientation of the
fractures at this site, I argue that Site 3 experienced Ouachita compression before the folding of
the host bedding. However, due to the absence of any Appalachian oriented structures, I cannot
argue further any relative timing of Ouachita versus Appalachian compression at this site. This
also means that Ouachita compression was the dominant pulse at Site 3.

5.5.2 Site 4: Mousetail Landing State Park Discussion
22 fractures were recorded at Site 4 and they are interpreted as Mode I extension
fractures. Most fractures have an observed length value of 1, and all but two of them are planar
or subplanar. The fractures fit into three sets, two of which fit within the range of Ouachita
compression direction (Sets 2 and 3, n=13), and Set 1 (n=7) is oriented within the range of
Appalachian compression direction (Fig. 5.6). Two fractures are classified as outliers because
they do not fit within a set, but they still strike within the range of Appalachian compression. No
cross-cutting relationships were observed at this site. Thus, all arguments for relative timing of
fracture formation are interpreted through the fold test techniques.
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The fold test shows that for the ellipse fitting technique the unrotated poles form a tighter
ellipse than rotated poles for NW- and NE-striking fractures (Fig. 4.21). The ellipse area ratio for
NW-striking fractures is 1.023 and 1.113 for NE-striking fractures (Table 3.2). Although both
strike orientations show tighter ellipses for unrotated poles, the ellipse area ratio for NW-striking
fractures is close to 1.000, so there is a stronger argument for fracture formation syn-folding of
the host bedding. Assuming these are Mode I extension fractures, this technique permits the
interpretation that the NW- and NE-striking fractures both formed syn- or post-folding of the
host bedding.
Density contouring of fracture poles shows that for NW-striking fractures some of the
unrotated poles plot closer to the primitive circle (Fig. 4.22), but not all, and therefore I interpret
these fractures to have formed syn- and/or post-folding of the host bedding. I argue that the
density contour technique for these NW-striking poles is inconclusive for fracture timing. When
viewing poles for the NE-striking fractures in Figure 4.22, most unrotated poles plot closer to the
primitive circle. This suggests that most NE-striking fractures formed post-folding and possibly
some fractures formed syn-folding of the host bedding. With the argument that NW-striking
fractures formed syn-folding and NE-striking fractures formed both syn-folding and postfolding, this allows for a weak argument that NE-striking fractures post-date formation of NWstriking fractures.
The rose diagram for these fractures shows a heavy concentration of data oriented at
~040°-050° (Fig. 4.21). This argues that most fractures at this site show evidence of Ouachita
compression. Due to the heavy concentration in directional data and that two of the three
systematic fracture sets are oriented within the Ouachita compression directional range; I
interpret that the dominant pulse of deformation at this site is a result of Ouachita compression.
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Since no cross-cutting relationships were observed at this site, multiple interpretations
can be made after viewing the fold test results. One interpretation is that both NW- and NEstriking fractures formed post-folding of host bedding. Another interpretation is supported by
density contouring, which argues that most NE-striking fractures formed after folding of the host
bedding while NW-striking fractures formed syn- and/or post-folding. Both interpretations
suggest a possibility for NW- and NE-striking fractures having formed post-folding of host
bedding, which is a weak argument that there was some overlap in Appalachian and Ouachita
compression at this site. Overall, no strong arguments can be made about relative timing of
Appalachian versus Ouachita compression. In terms of relative timing I argue that these data are
inconclusive. However, the ellipse area ratio and density contouring techniques both suggest
NW-striking fractures formed syn-folding. The fold axial plane fit to bedding orientations at this
site (Fig. 4.17) suggests that deformation resulted from Appalachian compression. Therefore, I
argue that these NW-striking fractures formed syn-folding of host bedding, which was deformed
due to Appalachian compression. No strong argument can be made about relative timing of
Appalachian versus Ouachita compression. Thus, I argue that these data are inconclusive.
However, both compression directions post-date their Silurian-aged host rock (Sd) (Fig. 2.5),
which fits within the common convention for timing of both Appalachian and Ouachita
compression in the region.

5.5.3 Site 5: HWY641 North of Parsons Discussion
Site 5 contains 20 measured fractures that are interpreted as Mode I extension fractures,
as well as five conjugate strike-slip faults. 14 of the 20 fractures have a length value of 2 and
eight are classified as planar or subplanar. The fractures fit into two sets along with two outliers
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(Fig. 5.7) (Table 3.2). NE-striking fractures of Set 1 (020°-056°) fit within the Ouachita
compression direction range and NW-striking fractures of Set 2 (280°-308°) fit within the
Appalachian compression direction range (Fig. 5.1). As reported in Chapter 4, in multiple
locations along the outcrop, NE-striking fractures abut and terminate against NW-striking
fractures. This is direct evidence that Appalachian structures (NW-striking fractures) are older
than Ouachita at this site. This does not conform to the argument by Thomas (2010) of an older
Ouachita tectonic load.
Ellipse fitting of fracture poles also support older Appalachian deformation at Site 5. The
NW-striking fractures form a tighter ellipse for rotated poles with an ellipse area ratio of 1.680
while the NE-striking fractures form a tighter ellipse with the unrotated poles with an ellipse area
ratio of 1.142 (Table 3.2). This indicates that NW-striking fractures pre-date folding and NEstriking fractures post-date folding, which argues for older Appalachian compression.
Density contouring of fracture poles shows that the rotated poles of the NE-striking
fractures plot closer to the primitive circle than the unrotated poles (Fig. 4.25), which indicates
that the fractures were closer to vertical before folding of the host bedding. Assuming that these
are Mode I extension fractures, I interpret these NE-striking fractures to have formed pre-folding
of host bedding. Even though the maximum density contour percentage (20%) is the same for
rotated and unrotated fracture poles of the NW-striking set, the NW-striking fracture poles plot
closer together for rotated poles when compared to unrotated poles. This is indicated in Figure
4.2 by a greater green and yellow area in the southwest quadrant of the rotated stereogram as
opposed to the unrotated stereogram. This indicates that although not definitively more vertical,
these fractures also formed pre-folding of host bedding because the rotated poles form a denser
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cluster than the unrotated poles. Both the NE- and NW-striking fractures formed pre-folding of
host bedding, and the abutting relationships argue an older Appalachian tectonic load.
The rose diagram (Fig. 4.23B) for this site shows a roughly uniform spatial distribution of
both fracture sets. This diagram does not permit a strong argument for which compression
direction was the dominant pulse at this site.
The five conjugate strike-slip faults documented at Site 5 strike ~120° (left-lateral slip
indicators) and ~060° (right-lateral slip indicators) (Fig. 4.26) and therefore the dihedral angle is
~060°. As stated by Dunne and Hancock (1994), conjugate sets of shear fractures enclose a
dihedral angle close to 60°. The maximum principal stress direction of the conjugate sets bisects
this dihedral angle (Fig. 5.8) and is ~090° (Fig. 4.26). These data provide the interpretation that
these five faults formed as a result of a pulse of Appalachian compression.
With the presence of abutting relationships, there is a strong argument for relative timing
of fracture formation at Site 5. I argue that at this site Appalachian compression occurred first
and was later followed by Ouachita compression. Density contouring shows that Appalachian
compression at least in part occurred pre-folding of host bedding and NE-striking fractures
(Ouachita) formed pre-folding of host bedding as well. Thus, there might have been overlap
between the two. This does not conform with Thomas (2010) who argues for an older Ouachita
tectonic load. Although the rose diagram does not show any argument for the main pulse of
compression at this site, I argue that Appalachian compression was the dominant pulse and
strong enough to create shear movement in the form of conjugate faults.
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5.5.4 Site 6: Lady Bluff Discussion
Site 6 contains 12 measured fractures that are interpreted as Mode I extension fractures.
10 of the 12 fractures have a length value of 2. Yet all but three fractures have an irregular
planarity. This outcrop is heavily vegetated and weathered, which is a possible reason for the
high quantity of irregular fracture surfaces. All 12 fractures fit into one set (Table 3.2) that
strikes ~045° (Fig. 5.9). The orientation of this fracture set indicates Ouachita compression (Fig.
5.1).
Although there is not another fracture set orientation to compare ellipse area ratios, the
ellipse fitting technique is still useful to compare the indications with the density contouring
technique for timing of fracture formation. Ellipse fitting for this site shows that for these NEstriking fractures the rotated poles form a tighter ellipse than the unrotated poles (Fig. 4.28) with
an ellipse area ratio of 1.073 (Table 3.2). This indicates that these fractures pre-date folding of
the host bedding for Site 6. However, because this ellipse area ratio is very close to 1.000, it
more likely indicates that these fractures formed syn-folding of the host bedding.
Density contouring of fracture poles shows that the unrotated poles plot closer to the
primitive circle than the rotated poles (Fig. 4.29). Assuming these are Mode I extension
fractures, this technique indicates that fracture formation post-dates folding of the host bedding.
There is no apparent change in the fracture pole density in Figure 4.29, but rather a shift in the
poles. Density contour percentage for rotated and unrotated poles are both 82%.
The rose diagram for these fractures (Fig. 4.27B) shows one main direction in the data
with no outliers present. This is a strong argument that this direction, ~045°, is the direction of
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the main pulse of compression at this site. Therefore, I interpret Ouachita compression to be the
main pulse of compression at Site 6.
I interpret that this site experienced a dominant Ouachita compression and fractures
formed syn-folding of the host bedding. This is because the ellipse area ratio of 1.073 is very
close to 1.000. Although density contouring is a more quantitative technique, it shows no change
in the density and only shows shifting of the poles. No Appalachian structures are present at this
site and therefore no argument can be made for relative timing of these two compression
directions.

5.5.5 Central Section Discussion
The data for this Central Section indicate evidence of both Appalachian and Ouachita
compression that post-date their Silurian host bedding (Fig. 5.10). One key takeaway when
looking at the fracture data for the Central Section is that the most prominent compression
direction fits within the range for Ouachita deformation, which I interpret as meaning that
Ouachita compression was the main pulse within this Central Section. Figure 5.10 reflects this
through the heavy concentration of strikes from ~015° to ~055° (Fig. 5.10A), and the large
quantity of data oriented at ~045° shown in (Fig. 5.10B).
In terms of Appalachian compression, since all recorded structures in this section are
within Silurian rocks, the structures could correlate to any of the three Appalachian events
(Thomas, 2006). It is unlikely that these structures relate to Taconic compression because (1) the
WHR is geographically closer to the Alleghanian collision margin and distant from the Taconic
collision margin, and (2) structures are within the Decatur Limestone that formed near the end of
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the Silurian (Fig. 2.5). I argue that these Appalachian structures in the Central Section record
either Acadian or Alleghanian compression. Without a distinct argument that the structures are
either Acadian or Alleghanian in age, I interpret that these Appalachian oriented structures
formed sometime within Devonian-Permian time (Acadian-Alleghanian). Ouachita structures
that are interpreted as possibly overlapping in time with Appalachian compression (ex. Site 4)
have no exact bracket as to when they formed. The Central Section is inconclusive in terms of
relative timing of deformation. Sites 4 and 5 argue for an older Appalachian compression, while
Sites 3 and 6 argue for an older Ouachita compression. As described in Chapter 5.3, the Southern
Section experienced both Appalachian and Ouachita compression followed by dominantly
Appalachian compression. Unlike the Southern Section, the Central Section experienced
dominantly Ouachita compression.

5.6

Northern Section
The Northern Section of the WHR includes Sites 7, 8, 9, and 10. Folds are present in

Sites 7 and 10, fractures are present in all four sites and faults are recorded in Sites 8 and 10. All
mesoscale structures in this section are recorded within the Mississippian Fort Payne Formation
(Mfp). Figure 5.11 shows fold data for Sites 7 and 10. Mode I fracture data are represented in
Figure 5.12 for all four sites. The locations of these sites move east to west as you increase in site
number, but Sites 9 and 10 are in roughly the same location. Site 9 and 10 are listed as separate
sites because Site 9 is one specific outcrop whereas Site 10 encompass structures along ~0.61 km
of river bluff outcrop.
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5.6.1 Site 7: Sycamore Landing Road Discussion
Site 7 (35°56’45” N, 87°53’29” W) consists of a gentle mesoscale antiform visible along
a road outcrop (Fig. 4.32) and five measured fractures. The axial plane of the antiform strikes
~253° and therefore σ1 is calculated as 163° (Fig. 5.13). The 163° orientation of σ1 is just within
the range of Ouachita compression direction. Assuming Mode I extension fracturing, four of the
five fractures fit into the range of Appalachian compression directions. When the fold test was
applied to this fracture set, no pole clusters were observed and therefore the fold test has no
argument in this discussion. Overall, data at this site indicate both Appalachian and Ouachita
compression. However, because the folding and fracturing indicate different tectonic sources, I
argue that the dominant pulse of compression at this site is inconclusive. No relative timing
between Appalachian and Ouachita compression can be determined.

5.6.2 Site 8: Eagle Creek Discussion
Site 8 (35° 54' 53” N, 87° 56' 22” W) contains 32 fractures as well as one fault. These
fractures belong to four systematic sets (Fig. 4.38). Set 1 (070°-093°) and Set 2 (117°-143°) both
fit within the range of Appalachian compression directions whereas Set 3 (173°-203°) and Set 4
(217°-232°) fit within the range of Ouachita compression directions (Fig. 5.1), assuming these
are Mode I extension fractures. However, the dip angles for Set 4 suggest that these structures
are normal faults, perhaps incipient, even though no offset was observed in the field. No crosscutting or abutting relationships were observed and therefore relative timing of fracture
formation will be argued through the fold test.
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The fold test was applied to all fractures from each set at Site 8. The four sets each fit into
their own fracture trend direction: E-striking (Set 1), NW-striking (Set 2), N-striking (Set 3) and
NE-striking (Set 4). Ellipse fitting of fracture poles show that for three fracture orientations the
rotated poles form a tighter ellipse than the unrotated poles. The ellipse area ratios are: E-striking
= 1.110, NW-striking = 1.151, N-striking = 1.500 and NE-striking = 1.000. This indicates that
for three fracture orientations (E-, NW-, and N-striking) the fractures formed pre-folding of their
host bedding. The NE-striking structures ellipse area ratio of 1.000 is discussed below.
Density contouring of fracture poles shows that some unrotated E-striking fracture poles
plot closer to the primitive circle, but not all (Fig. 4.41). I interpret this to mean that these
fractures formed syn-folding and some formed post-folding of host bedding. Assuming that these
are Mode I extension fractures, their initial formation would be close to vertical and their poles
would plot close to or on the primitive circle of the stereonet. NE-striking structures show nearly
no change in fracture pole density or location when applying this technique. These NE-striking
structures have an ellipse area ratio of 1.000, show no change in fracture pole density and dip no
greater than 55°. Therefore, I argue that they are incipient normal faults that formed syn-folding
of host bedding and not Mode I extension fractures. Finally, NW-striking fracture poles tell a
different story. Notice the red bullseye that appears in the rotated stereonet in Figure 4.41. This
indicates that the rotated poles cluster tighter than their unrotated counterparts by ~6%. Through
this density contour percentage difference, I interpret that the NW-striking fractures formed prefolding of host bedding. This argues that Appalachian compression occurred first at this site and
contradicts the argument from Thomas (2010) of an older Ouachita tectonic load. However, it
does support the claims by Zeng et al. (2013) who argue for a younger Ouachita tectonic load.
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These data could be a piece of evidence to support the claim of Zeng et al. (2013) that there was
likely Ouachita bulge movement through the Appalachian basin.
When viewing Figure 4.38, it is apparent that the strike data for Site 8 fractures represent
both Appalachian and Ouachita compression. The other main takeaway here is that more than
half the recorded fractures indicate Appalachian compression and only eight fractures indicate
Ouachita compression. This high quantity of Appalachian structures permits the interpretation
that the main pulse of deformation at Site 8 during the Paleozoic was Appalachian compression.
This is also supported by the rose diagram in Figure 4.39E where there are two dominant
directions shown, but both fit within the range of an Appalachian compression.
The fault recorded at this site (Fig. 4.37) shows that strata are offset when traced across
the outcrop. The orientation of this fault plane is 085°, 89 S. I interpret this fault to be
compressional, due to the high angle dip of the fault plane, with up to the northwest offset (Fig.
5.14). This interpretation indicates compression orthogonal to the fault plane, which is a
principal stress direction of 175°. This compression direction fits within the range of Ouachita
compression and therefore I interpret that this fault is the result of Ouachita compression.
This site indicates both Appalachian and Ouachita compression with a much higher
quantity of data that indicate Appalachian compression. With no cross-cutting relationships
observed, relative timing of compression is argued through the fold test. The ellipse fitting does
not provide any argument for relative timing because all three fracture orientations indicate
formation pre- or syn-folding of the host bedding. The density contouring indicates pre-folding
for NW-striking fractures and syn-folding for NE- and E-striking fractures. Therefore, the two
techniques agree for fractures forming pre- and syn-folding of host bedding. The agreement
between these two techniques along with more precise indications from density contouring
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permits the interpretation that Appalachian compression began first at this site and was followed
by Ouachita compression. Because E- and NE-striking fractures both indicate some aspect of
syn-folding, I argue for a temporal overlap in compression directions at this site as well. There is
no interpretation of timing for this compression overlap except after formation of the
Mississippian Fort Payne Formation, which is lower Mississippian (Fig. 2.5). Finally, the main
pulse at this site is interpreted to be Appalachian compression, which is reflected in the rose
diagram in Figure 4.39.

5.6.3 Site 9: McCauley’s Bluff Discussion
Site 9 (35° 57' 12” N, 88° 1' 6” W) is a river bluff named McCauley’s Bluff (Fig. 4.42)
that contains 25 measured fractures (Tables 4.10). These fractures all fit into one set (092°-103°)
except for two outliers. This fracture set (~E-striking) fits well within the range of Appalachian
compression directions (Fig. 5.1). 19 fractures have an observed length value of 1 and the other
six have a value of 2. All fractures within the systematic set are planar and the two outliers are
subplanar. Due to the heavy concentration of fractures in one orientation and the high quantity of
planar fractures, it is assumed that this is a zone of Mode I extension fracturing. When viewing
Figure 4.42A it is apparent that the fractures are within a folded outcrop, and the fractures strike
parallel to the axial plane of a gentle fold. It should be noted that another interpretation for these
fractures is formation by outer arc extension. This is explained by Burberry et al. (2019) who
state “…if sedimentary layers are treated as elastic planes, joints open parallel to the maximum
instantaneous stretch…of a layer and trend parallel to the minimum instantaneous stretch…of
that layer.”.
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Ellipse fitting of fracture poles at this site shows that for the ~E-striking fractures the
rotated poles form a tighter ellipse (Table 3.2). The ellipse area ratio for these fractures is 1.309.
This test was also run on the two outlier fractures, which shows a tighter ellipse in the rotated
fractures as well but with a lower ellipse area ratio at 1.194. Therefore, assuming these are Mode
I extension fractures, this technique indicates that these ~E- striking and two outlier fractures all
formed pre-folding of their host bedding.
Density contouring of fracture poles at this site shows very similar plots between
unrotated and rotated fractures. Yet when looking at the contouring of fracture poles, rotated
poles show a higher density than unrotated poles by 8% (Fig. 4.46). This agrees with ellipse
fitting and indicates that these ~E-striking fractures formed pre-folding of the host bedding.
The rose diagram for this site (Figs. 4.43 and 4.44) shows a dominant E-W orientation for
the recorded fractures. This indicates a dominant pulse of Appalachian compression occurred at
this site during the late Paleozoic. Note that the rose diagram for Scan Line A (Fig. 4.43B) shows
all E-W orientations and the two outlier fractures at this site are both along Scan Line B (Fig.
4.44B).
Through analysis of stereonet and rose diagram data, I interpret the main pulse of
deformation at this site to be Appalachian compression during the late Paleozoic. The two
outliers indicate Ouachita compression, but it is not a large enough sample size for the fold test
techniques to provide any indications of relative timing of fracture formation. The indications
from ellipse fitting and density contouring agree with each other in that Appalachian oriented
fractures formed pre-folding of their host bedding. Even with no indication as to when the early
Mississippian host bedding folded, it was either late Mississippian or post-Mississippian time.
Therefore, these fractures are most likely a result of early Mississippian or pre-Mississippian
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compression, which correlates to Taconic or Acadian compression. There is no strong argument
for which compression event deformed this outcrop. However, because the Acadian front is
much closer than the Taconic front, it is more likely that Site 9 experienced Acadian
deformation. However, since the host bedding is folded, I cannot rule out the possibility that
these fractures formed from outer arc extension in the hinge of a gentle E-W trending fold.

5.6.4 Site 10: Southern Kentucky Lake Discussion
Site 10 (35° 57' 25” N, 88° 1' 13” W) contains six fractures recorded at two separate
locations along with five folds and one fault. The fracture data fit within one set (013°-033°)
with one outlier (126°). This fracture set plots within the range of Ouachita compression
directions. The folds are spread out over a river bluff of ~0.61 km in length within the
Mississippian Fort Payne Formation. Folds show different geometries and interpretations of their
cause are limited by only what is visible above the surface of the water. Fold axis orientations
(Fig. 4.47) are not uniform and are discussed below.
Ellipse fitting of the fractures at this site shows that the rotated poles form a tighter
ellipse for these NE-striking fractures. The ellipse area ratio for these poles is 1.229 (Table 3.2).
This technique therefore indicates that the NE-striking fractures formed pre-folding of host
bedding, which argues an older Ouachita compression relative to folding of the host bedding.
Without any cross-cutting relationships, no argument for relative timing between the NE-striking
fractures and the Appalachian oriented outlier can be made.
Density contouring of these fractures poles shows similar cluster densities for rotated and
unrotated poles. When looking at Figure 4.59, the rotated poles shows a cluster density
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percentage of ~34% and the unrotated poles show a percentage of 32%. These two percentages
are close in value and are a weak argument that fractures formed pre-folding of the host bedding
because the rotated poles show only a slightly higher percentage value.
The five folds at this site vary in fold axis orientation. These folds will be discussed
individually and then interpretations of them together as a group. Each fold is present within the
Mississippian Fort Payne Formation and located on the southern river bluff at the western
portion of the bend in the northern Tennessee River (Fig. 4.31). Data for fold limbs and axial
planes can be found in Table 4.11.
Fold 1 is an open mesoscale antiform and has an axial plane oriented 310°, 83 N. This
indicates that σ1 at the time of deformation would have been oriented at 040° (Fig 5.15). This
principal stress direction fits within the range of Ouachita compression directions (Fig. 5.1). This
fold hinge (Fig. 4.47A) is tight at the water surface and broadens up section. This might indicate
that this is a fault propagation fold (Suppe and Medwedeff, 1990), yet without sufficient data I
cannot claim for certain that it is.
Fold 2 is an open mesoscale antiform with an axial plane oriented 300°, 79 N. This
orientation is very similar to Fold 1, which is located ~175 m to the northwest. The axial plane
orientation for Fold 2 indicates that σ1 at the time of deformation was oriented at 030° (Fig 5.16).
This principal stress direction fits within the range of Ouachita compression directions (Fig. 5.1).
The hinge for this fold does not change when looking up section and the fold is asymmetric and
broad with an interlimb angle of 124°.
Fold 3 is an open mesoscale synform with an axial plane oriented 089°, 77 S. This fold is
~85 m southeast of Fold 2. The axial plane orientation for Fold 3 indicates that σ1 at the time of
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deformation was oriented at 179° (Fig 5.17), which fits within the range of Ouachita
compression directions (Fig. 5.1). Strata show a small offset within the hinge for this fold (Fig.
4.53), and the fold is asymmetric. Therefore, I interpreted it as related to fault propagation (Fig.
5.18) as defined by Suppe and Medwedeff (1990). This fold is also broad with an interlimb angle
of 111°.
Fold 4 is a gentle mesoscale antiform with an axial plane oriented 047°, 89 S. This fold is
~260 m southeast of Fold 3. The axial plane orientation for Fold 4 indicates that σ1 at the time of
deformation was oriented at 137° (Fig 5.19). This principal stress direction fits within the range
of Appalachian compression directions (Fig. 5.1). The hinge for this fold is sharp and appears to
bend towards the northeast up section (Fig. 4.54), and I interpret this to be another fault
propagation fold. This fold is very broad with an interlimb angle of 168°.
Finally, Fold 5 is a gentle mesoscale antiform with an axial plane oriented 276°, 89 N.
This fold is ~65 m southeast of Fold 4. The axial plane orientation for Fold 5 indicates that σ1 at
the time of deformation was oriented at 186° (Fig 5.20), which fits within the range of Ouachita
compression directions (Fig. 5.1). The hinge for this fold shows no variation up section (Fig.
4.55). I interpret this as an anticline with no subsurface fault influence. This fold is broad with an
interlimb angle of 160°.
The fault recorded at this site (Fig. 4.57) is located ~130 m southeast of Fold 1. The fault
plane was not exposed, but the orientations of the bedding that contains this fault are 120°, 22 N
on the north side and 102°, 12 S on the south side. The fault plane therefore strikes somewhere
between 102° and 120°. Fault formation results from compression orthogonal to the fault plane
and therefore the σ1 orientation during fault formation was oriented at 012°-030°. Through this
orientation I interpret that Ouachita compression created this fault.
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Combining the fold, fracture and fault data together shows strong evidence of Ouachita
compression recorded at Site 10. Four of the five calculated fold axial planes indicate that the σ1
orientation during their formation fits within the range of Ouachita compression directions (Folds
1, 2, 3, and 5). The orientations of σ1 interpreted for fold, fracture, and fault data all indicate
dominant Ouachita compression. Density contouring and ellipse fitting both suggest that fracture
formation pre-dates folding of the host bedding and I favor this argument. However, since there
is a low quantity of fracture data, this is a weak argument by itself. Even though some
Appalachian interpretations are made from these data, no relative timing of deformation can be
made between Ouachita and Appalachian compression at Site 10. Overall, I argue that Ouachita
compression was the main pulse of deformation at Site 10 during the late Paleozoic. Note that
Fold 4 indicates Appalachian compression, yet it is located between two folds that indicate
Ouachita compression. Also, Site 9 is located within ~0.61 km of the river bluff trace of Site 10,
which shows strong evidence of Appalachian compression. Therefore, there is no systematic
distribution between Appalachian and Ouachita mesoscale structures at Site 10.

5.6.5 Northern Section Discussion
The mesoscale structures in the Northern Section show evidence of both Appalachian and
Ouachita oriented compression occurring throughout the Mississippian (Figs. 5.11 and 5.12).
Two of the sites (Sites 8 and 9) indicate that the main pulse of deformation was Appalachian
compression, which is interpreted through fracture data. Site 10 indicates a main Ouachita pulse
and is interpreted through fold and fault data. Site 7 contains fracture and fold data that
contradict each other in terms of their tectonic cause and therefore the main pulse at this site is
inconclusive.
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Overall, any argument for relative timing of compression directions within the Northern
Section would be a weak argument. The interpretation for relative timing in the Northern Section
will be based on the overall trend of main deformation pulses among the three sections. The
main pulse of deformation experienced in the Northern Section of the WHR during the late
Paleozoic was Appalachian compression. Thomas (2006) and Hatcher (2010) bracket the
Alleghenian orogeny as compression starting in the late Mississippian and ceasing in the
Permian with the formation of Pangea. Because all the Northern Section sites have structures
recorded in Mississippian-aged rock, a more precise interpretation is that all Appalachian
structures in this section are Alleghenian structures. The Mississippian Fort Payne Formation is
early-Mississippian in age, so there is a possibility that some Appalachian structures were
formed by the late stages of the Acadian orogeny. Data recorded at Site 10 indicate mainly
Ouachita compression but also exhibits Appalachian oriented structures. So even though
Ouachita compression appears to be the main pulse at Site 10, there is still evidence of
Appalachian compression at all four sites in the Northern Section.
As discussed in Chapter 5.5, the Central Section experienced Appalachian and Ouachita
compression, which is similar to the Northern Section. Chapter 5.5 argues for dominantly
Ouachita compression, then some Appalachian and Ouachita overlap, followed by dominant
Appalachian compression. The data for the Northern Section further confirm this claim with the
indication of dominantly Appalachian compression in the Mississippian or later. Site 1 in the
Southern Section shows Appalachian oriented structures within the Mississippian Fort Payne
Formation, which agrees with the argument here for a dominant Appalachian pulse found in the
Mississippian Fort Payne Formation within the Northern Section. The Southern Section suggests
a dominant Appalachian pulse, the Central Section suggests a dominant Ouachita pulse, and the
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Northern Section suggests a dominant Appalachian pulse. Therefore, I argue that there are
compression direction transition zones in the WHR along the borders between the Southern and
Central Sections as well as the Central and Northern Sections.

5.7

Western Highland Rim Discussion
The data from individual sites and the three sections show spatial variations in late

Paleozoic Appalachian and Ouachita compression in the WHR. These variations are both in
terms of relative timing of compression as well as the main pulse of deformation. Relative timing
of deformation is indicated through cross-cutting and abutting relationships as well as the fold
test. The WHR shows a systematic Paleozoic compression history with respect to Appalachian
and Ouachita compression consistent with previously described histories in adjacent areas east
and west of the WHR.
The Southern and Northern Sections both indicate a dominant Appalachian pulse whereas
the Central Section indicates a dominant Ouachita pulse. The Appalachian indications in the
Southern Section are rooted within a high quantity of structures at Site 1 with cross-cutting
relationships that indicate an older Ouachita compression. Note that the Southern Section also
only contains two sites as opposed to the Central and Northern Sections each containing four
sites. This low quantity of Southern Section sites is a possible reason for why this section
indicates a main Appalachian pulse. Due to the proximity of the Southern Section to the
subsurface Ouachita thrust front (Thomas, 1989) it is suspected that structures in the Southern
Section would indicate a dominant Ouachita pulse. Another plausible scenario is that the entire
WHR experienced a dominant Appalachian pulse and the data do not reflect this dominant
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compression in the Central Section. For example, as described in Chapter 5.4, the dominant
Appalachian pulse could have occurred throughout the entire WHR but fractures were only
preserved in sections and not persistent throughout the entire field region.
The overall synopsis for late Paleozoic deformation in the WHR agrees with Thomas
(2010). The majority of sites with strong arguments in this study indicate Ouachita compression
began earlier than Appalachian compression. This is supported not only by cross-cutting
relationships but also analysis through fold tests. The WHR sites commonly indicate an overlap
of Ouachita and Appalachian compression and not an abrupt shift from Ouachita to Appalachian
compression. Therefore, I argue that the overall compressional history of the WHR in the late
Paleozoic was an older Ouachita pulse in the middle Mississippian (Thomas, 2006), followed by
an overlap of Ouachita and Appalachian compression sometime in the Mississippian and/or
Pennsylvanian, and then a younger Appalachian pulse most likely in the Pennsylvanian as a
result of culmination of the Alleghanian orogeny.
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Chapter 6 – Conclusions

6.1

Conclusions
Deformation in the WHR exhibits far-field Appalachian and Ouachita compression

resulting in mesoscale structures within the field area. These structures, through field
relationships and fold test techniques, primarily indicate an older Ouachita tectonic pulse and a
younger Appalachian tectonic pulse, with a period of overlap during the transition. This timing
agrees with Thomas (2010), but not every site indicates this timeline. Some sites argue for either
older Ouachita compression relative to Appalachian compression, or that Ouachita structures
formed post-folding of their host bedding. These contradicting indications are not devalued
because they contribute to the argument by Zeng et al. (2013) for the possibility of a younger
Ouachita pulse that moved through an already existing Appalachian basin.
Data in the Southern Section are within Silurian, Devonian, and Mississippian rock.
Cross-cutting relationships in the Southern Section indicate an older Ouachita tectonic load,
which agree with claims by Thomas (2010). However, the Southern Section indicates a dominant
Appalachian compression pulse. The Alleghanian orogenic front is proximal to the WHR and
started in the late Mississippian (Thomas, 2006 and Hatcher, 2010). Ouachita compression
occurred throughout the middle Mississippian to middle Pennsylvanian and therefore should
have deformed the Mississippian-aged rock as well. Thus, due to the high quantity of
Appalachian structures in the Mississippian rocks, the Appalachian orogeny is argued to be the
dominant late Paleozoic tectonic phase in the Southern Section of the WHR.

66

The Central Section contains data within Silurian rock. This section indicates a dominant
Ouachita pulse for Sites 3, 4, and 6, but a dominant Appalachian pulse for Site 5. Sites 3, 4, 5
and 6 contain Ouachita oriented fractures, with Sites 4 and 5 additionally containing Appalachian
oriented fractures. This heavy concentration of directional data (Fig. 5.10) is the strongest
argument for the Central Section having experienced a dominant Ouachita compression pulse in
the late Paleozoic. Relative timing of compression is argued through abutting relationships and
the fold test, and these contradict each other. Sites 4 and 5 suggest an older Appalachian
compression whereas Sites 3 and 6 suggests an older Ouachita compression and therefore
relative timing in the Central Section is inconclusive.
The Northern Section contains data in Mississippian rock. This section indicates a
dominant Appalachian pulse. This is expected because this section is furthest from the Ouachita
tectonic front relative to the other WHR sections. Site 10 folding indicates a dominant Ouachita
pulse. However, Site 9 is one specific outcrop along the ~0.61 km track of Site 10, and Site 9
fractures indicate a dominant Appalachian pulse. These two sites contain different types of
structures, which could be an explanation for why they exhibit different compression pulses
within the same Mississippian rock. Without cross-cutting or abutting relationships in the
Northern Section, there is no strong argument for relative timing of Ouachita versus Appalachian
compression. All cross-cutting and abutting relationships observed in the WHR are within preMississippian rock. Even though the Northern Section contains all structures within
Mississippian rock and shows dominantly Appalachian compression, this section also exhibits
many Ouachita oriented structures. The absence of cross-cutting and abutting relationships in the
Mississippian Fort Payne Formation throughout the Northern Section and the entire WHR may
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be because the rock is mechanically different than the Silurian and Devonian rocks, which do
exhibit cross-cutting and abutting relationships.
Combining all three sections of the WHR shows a complex Paleozoic history of
Appalachian-Ouachita far-field stresses. This research supports Hypothesis 1 (H1) that states
“Late Paleozoic deformation of the WHR shows evidence of both Appalachian and Ouachita
collision, and therefore the recorded deformation will be widespread throughout the research
area and show evidence of both Appalachian and Ouachita shortening directions”. One persistent
theme is that Ouachita oriented structures pre-date Appalachian oriented structures through
cross-cutting and abutting relationships and fold test indications. This research agrees with
Thomas (2010) in that orogenesis in the Paleozoic began with an older Ouachita tectonic load
followed by Appalachian thrusting. Data analysis of this research concludes an overall
compressional history of the WHR in the late Paleozoic with an older Ouachita pulse in the
middle Mississippian (Thomas, 2006), followed by an overlap of Ouachita and Appalachian
compression sometime in the Mississippian and/or Pennsylvanian, and then a younger
Appalachian pulse most likely in the Pennsylvanian as a result of culmination of the Alleghanian
orogeny. This research does not discredit the claim by Zeng et al. (2013) that Appalachian
tectonism was followed by a late Ouachita compression phase because a few sites in the WHR
do indicate this sequence. However, more work needs to be completed to confirm for Ouachita
compression that occurred after Appalachian compression at those sites. The WHR exhibits
compression direction transition zones along the borders between the Southern and Central
Sections as well as the Central and Northern Sections.
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6.2

Future Work
There are plenty of opportunities for future work to add to this project. The main

additions to this work would be exploring more areas for structures, collecting more data at sites
already visited, analyzing lidar data for overall trends of large-scale structures, and subsurface
data collection. No data were collected between Site 10 and the northern border of Tennessee.
This area should be explored but be aware of the Wells Creek Crater (Fig. 5.21). This structure is
bracketed as 200 ± 100 Ma in age and deformed Mississippian rock in the region (Ford et al.,
2012). Therefore, deformation near this impact site may be due to the impact and not late
Paleozoic tectonic compression. The Central Section of the WHR could use further exploration
whether it is along the Tennessee River or off the water because all structures were measured in
the same rock type. This study by no means explored every spot of land and it is likely that there
are still mesoscale structures that were not documented here. There is a well exposed outcrop
(36°1’47” N 87°53’24” W) in New Johnsonville, TN that shows folding within the Mississippian
Fort Payne Formation (Fig. 5.22). This outcrop is on private property, so it was not thoroughly
studied in this project. However, future work may allow collecting and analyzing data along this
outcrop. Site 1 (Pickwick Lake) was only partially explored in this research. The bluffs along
Pickwick Lake are vast. Future work collecting data along the eastern and southern bluffs of this
lake should be considered. Lidar data can be searched for large-scale structures that are not
apparent in the field. Systematic trends may be found when viewing the structures at a different
scale, for example with large-scale joints. Finally, seismic reflection and/or GPR of the
subsurface could add value to this project. Especially in areas where fractures extend beneath the
subsurface and areas where folds are believed to be caused by fault propagation.
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Appendix A: Tables

Table 3.1 – Observed length values for all measured fractures.
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Table 3.2 – Ellipse area ratios for all fracture sets.

Table 3.2 – Ellipse area ratios for each systematic fracture set at each site of the WHR.
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Table 4.1 – Fracture data for measured fractures at Site 1.
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Table 4.2 – Limb data for folds recorded at Site 1.

FOLD LIMB
LIMB 1
LIMB 2
LIMB 3
LIMB 4
LIMB 5
LIMB 6
LIMB 7

STRIKE AND DIP
000°, 8 W
020°, 78 W
005°, 13 W
029°, 48 W
056°, 10 W
008°, 7 E
065°, 2 N

Table 4.3 – Fracture data for fractures measured at Site 3.
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Table 4.4 – Fracture data for fractures measured at Site 4.
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Table 4.5 – Fracture data for fractures measured at Site 5.

Table 4.6 – Fault data for conjugate strike-slip faults measured at Site 5. Sin = sinistral
and dex = dextral.
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Table 4.7 – Fracture data for fractures measured at Site 6.
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Table 4.8 – Fracture data for fractures measured at Site 7.
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Table 4.9 – Fracture data for fractures measured at Site 8.
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Table 4.10 – Fracture data for fractures measured at Site 9.
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Table 4.11 – Fold limb and axial plane data for measured folds at Site 10.
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APPENDIX B: FIGURES

Figure 1.1 – Geography of the Appalachian-Ouachita orogen showing the distance
from the WHR (red box) in the orogenic foreland. Modified from Tull et al. (2007).
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Figure 1.2 – Physiographic regions of Tennessee. From Milici (1968). Note the
Western Highland Rim, between the Nashville Dome and Mississippi Embayment.
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Figure 1.3 – Basement rocks of North America. Notice the Granite-Rhyolite Province (light green)
is the basement rock for the WHR (red box). Modified from Whitmeyer and Karlstrom, 2007.
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Figure 2.1 – Mississippi Embayment and two hypothesized Bermuda Hot Spot tracks
throughout the region. Thicker lines represent Mississippi Valley Graben faults.
Ouachita-Appalachian thrust front is outlined in a black dashed line. From Cox and
Van Arsdale (2002).
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Figure 2.2 – Structural geometry of the top of the Chattanooga Shale at mid-Cretaceous
when viewing to the northeast. Dashed line shows margin of the Mississippi Embayment.
Thick black arrow indicates axis of the southwest plunging arch structure. From Cox and
Van Arsdale (2002).
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Figure 2.3 –Structural contour map on the top of the Knox Dolomite in central and
western Tennessee. From Wilson and Stearns (1963).
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Figure 2.4 – Changing positions of the Nashville Arch axis. (1) post-Knox “paleoarch”, (2) Middle
Ordovician Hermitage Ridge trend, (3) present axis from base of Chattanooga Shale, and (4) band of Lower
Mississippian rock on which outliers rest. From Stearns and Reesman (1986).
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Figure 2.5 – Stratigraphic column of late Paleozoic rocks in the WHR region. Modified from Hardeman et al. (1966).
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Figure 2.6 – Layer-parallel shortening strain recorded by twinned calcite presented by age
of host limestone and correlative Appalachian-Ouachita-Marathon orogenic stages (A–C).
Fig. D includes shortening axes hosted by late Pennsylvanian limestones in the proximal
Ancestral Rockies foreland. From Craddock et al. (2017)
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Figure 2.7 – Map of Appalachian-Ouachita frontal thrust belt with the approximate location of the WHR (red box). BWB = Black
Warrior Basin. Modified from Thomas (2010).
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Figure 2.8 – Surficial and concealed faults (red) along with structural features of the
Appalachian Basin in eastern Kentucky. From Zeng et al. (2013).
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Figure 2.9 – Basement arches and basins along the bend in the Appalachian-Ouachita
orogenic front. From Zeng et al. (2013).
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Figure 3.1 – Mode I extension fracture (red line) and orientations of principal
stress directions. Modified from Dunne and Hancock (1994).

96

Figure 3.2 – Stereonet showing hypothetical fold
data. Great circles represent hypothetical fold limbs
striking ~90°. The axial plane (highlighted in yellow)
is perpendicular to the principal stress direction (σ1).
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Figure 3.3 – Model showing interpretation of σ1
orientation bisecting the 60° of conjugate faults.
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Figure 3.4 – Example of using a Brunton compass to measure strike and dip of an outcrop.
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Figure 3.5 – Example of the pole plot method used to determine systematic fracture sets.
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Figure 3.6 – Example of a younger fracture trace abutting an older fracture
trace. Modified from Dunne and Hancock (1994).
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Figure 4.1 – Field region of the WHR with site locations plotted.
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Figure 4.2 – Map of the WHR with the Southern Section outlined in red. S = Savannah, TN
for reference.
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Figure 4.3 – Map of the Southern Section showing locations for Site 1 and 2. S = Savannah,
TN for reference.
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Figure 4.4 – Rose diagram of 38 recorded Mode I fractures at Site 1.
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Figure 4.5 – Orthogonal Mode I fractures in the Mfp striking ~50° and ~136°. Both sets
cross-cut the other in certain areas. Photo taken with up to the north.
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Figure 4.6 – Rotated poles (red) and unrotated poles (black) to fractures
recorded at Site 1 with ellipses fit around fracture pole clusters. Green circles
are poles to rotated bedding and open green circles are poles to bedding.
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Figure 4.7 – Contour density of rotated (red) and unrotated (red) fracture poles for
Site 1. Notice the tighter pole cluster for rotated NE-striking poles.
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Figure 4.8 – East-dipping monocline in Mfp at Site 1. Notice the flattening of the beds on the
right side of the photo. Photo taken facing north.
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Figure 4.9 – Stereogram showing bedding planes (black) and
axial plane (highlighted in yellow) of the broad anticline at Site 2.
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Figure 4.10 – Photos of gentle anticline in Savanah, Tennessee.
Photo of north limb (A) and south limb (B) are both facing east.
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Figure 4.11 – Map of the WHR with the Central Section outlined in
red. P = Parsons, TN for reference.
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Figure 4.12 – Map of the Central Section showing locations for Sites 36. P = Parsons, TN for reference.
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Figure 4.13 – A = Stereogram of Mode I fractures recorded at Site 3. B = Rose diagram
for Mode I fractures recorded at Site 3.
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Figure 4.14 – Photo of vertically long and widely exposed
Mode I fracture that extends to the subsurface at Site 3 with an
adult male ~6 ft tall for scale. Photo taken facing northwest.
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Figure 4.15 – Ellipse fitting of rotated (red) and unrotated
(black) poles to fractures at Site 3. Unrotated host bedding pole
(hollow green) and rotated host bedding pole (green) are also
plotted.
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Figure 4.16 – Density contouring of Mode I fracture poles for
Site 3. Notice the rotated poles (red) plot closer to the primitive
circle than the unrotated poles (black).
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Figure 4.17 – Axial plane fit to bedding orientations at Site 4.
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Figure 4.18 – Example of a discontinuous Mode I fracture present at Site 4 with a
hammer for scale. Photo taken facing northwest.
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Figure 4.19 – Example of continuous Mode I fracture with adult male for scale.
Photo taken facing northwest.
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Figure 4.20 – A = Stereogram of Mode I fractures measured at Site 4. B = Rose
diagram of Mode I fractures measured at Site 4.
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Figure 4.21 – Ellipse fitting for NW-striking and NE-striking Mode I
fracture poles at Site 4. Unrotated poles are plotted in black and rotated
poles are plotted in red. Unrotated host bedding (hollow green) and rotated
host bedding (green) are also plotted.
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Figure 4.22 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 4. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted. Notice that unrotated poles of NE-striking fractures plot
closer to the primitive circle than the rotated poles.
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Figure 4.23 – A = Stereogram of Set 1 and Set 2 Mode I fractures measured at Site 5. B = Rose diagram
for fractures measured at Site 5.
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Figure 4.24 – Ellipse fitting for NW-striking and NE-striking Mode I fracture
poles at Site 5. Rotated poles (red) and unrotated poles (black) are plotted along
with host bedding (hollow green) and rotated host bedding (green).
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Figure 4.25 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 5. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted. Notice that rotated poles of NE-striking fractures plot
closer to the primitive circle than the unrotated poles.
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Figure 4.26 – Stereogram with five conjugate strike-slip faults at Site 5 plotted.
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Figure 4.27 – A) Stereogram of Mode I fractures recorded at Site 6. B)
Rose diagram of Mode I fractures at Site 6.
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Figure 4.28 – Ellipse fitting for NE-striking Mode I fracture poles at Site 6.
Rotated poles (red) and unrotated poles (black) are plotted along with host
bedding (hollow green) and rotated host bedding (green). Unrotated poles
form a slightly smaller ellipse than rotated poles.
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Figure 4.29 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 6. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted. Notice that unrotated poles plot closer to the primitive
circle than the rotated poles.
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Figure 4.30 – Map of the WHR with the Northern Section outlined in
red. P = Holladay, TN for reference.
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Figure 4.31 – Map of the Northern Section showing locations for Sites 7-10.
C = Camden, TN for reference.
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Figure 4.32 – Mesoscale antiform in roadcut at Site 7. Two ~6 ft tall adult males for scale. Red line is approximate outline of the
antiform.
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Figure 4.33 – Outline of mesoscale antiform in roadcut at Site 7.
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Figure 4.34 – Stereogram of fold limbs (black) and calculated axial
plane (highlighted in yellow) of the mesoscale antiform at Site 7.
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Figure 4.35 – Roadcut at Site 7 that contains recorded fractures. ~6 ft tall adult male for scale.

136

Figure 4.36 – Stereonet of measured fractures at Site 7.
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Figure 4.37 – Compressional fault recorded at Site 8 with compass for scale.
Notice the offset as you trace across the strata. Photo taken facing southwest.
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Figure 4.38 – Stereograms of recorded Mode I fractures at Site 8. A = Set 1, B = Set 2, C = Set 3, D = Set 4, and E = All sets
together.
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Figure 4.39 – Rose diagrams of recorded Mode I fractures at Site 8. A = Set 1, B = Set 2, C = Set 3, D = Set 4, and E = All sets
together.
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Figure 4.40 – Ellipse fitting for Mode I fracture poles at Site 8. Rotated
poles (red) and unrotated poles (black) are plotted along with host bedding
(hollow green) and rotated host bedding (green). E- and NW- and NEstriking Mode I fractures all show tighter ellipses for rotated poles.
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Figure 4.41 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 8. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted. Notice the higher density in the rotated poles of NWstriking fractures as represented by the bullseye that appears.
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Figure 4.42 – Photos of bluff face at Site 9. A = Photo of entire bluff face with adult male (~6ft tall) for scale, photo taken facing
southwest. B = Close up of fractures with hand for scale.
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Figure 4.43 – A = Stereonet of fracture data recorded along Scan Line A at Site 9. B = Rose diagram of fracture data recorded
along Scan Line A at Site 9.
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Figure 4.44 – A = Stereonet of fracture data recorded along Scan Line B at Site 9. B = Rose diagram of fracture data recorded
along Scan Line B at Site 9.
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Figure 4.45 – Ellipse fitting for ~E-striking Mode I fracture poles at Site 9.
Rotated poles (red) and unrotated poles (black) are plotted along with host
bedding (hollow green) and rotated host bedding (green).
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Figure 4.46 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 9. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted.
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Figure 4.47 – Stereonets showing fold limbs (black) and fold hinges (highlighted in yellow) of the five folds measured at Site 10.
A = Fold 1, B = Fold 2, C = Fold 3, D = Fold 4 and E = Fold 5.
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Figure 4.48 – River bluff of the Mississippian Fort Payne Formation containing Fold 1 at Site 10. Picture taken facing southwest.
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Figure 4.49 – Same as Figure 4.48 but with a broader view. Picture taken facing southwest.
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Figure 4.50 – A = Mode I fracture data at Site 10. B = Rose diagram for fractures at Site 10.
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Figure 4.51 – River bluff of the Mississippian Fort Payne Formation containing Fold 2 at
Site 10. Picture taken facing southwest.
.
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Figure 4.52 – Same as Figure 4.51 but with a broader view. Picture taken facing southwest.
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Figure 4.53 – River bluff of the Mississippian Fort Payne Formation containing Fold 3 at
Site 10. Picture taken facing southwest.
.
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Figure 4.54 – River bluff of the Mississippian Fort Payne Formation containing Fold 4 at
Site 10. Picture taken facing southwest.
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Figure 4.55 – River bluff of the Mississippian Fort Payne Formation containing Fold 5 at
Site 10. Picture taken facing southwest.
.
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Figure 4.56 – Stereonet with fold axes for Folds 1-5. Color coordination of each fold axis is
described in the figure.
.
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Figure 4.57 – A = River bluff the Mississippian Fort Payne Formation containing a fault. B =
Same as Figure 4.57A, but a broader view. A and B photos both taken facing southwest.
.
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Figure 4.58 – Ellipse fitting for six fractures measured at Site 10.
.
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Figure 4.59 – Density contouring of unrotated poles (black) and rotated poles (red) of Mode I fractures at Site 10. Unrotated host
bedding (hollow green) and rotated host bedding (green) are also plotted.
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Figure 5.1 – Stereogram depicting the designated cutoff for strike data that represent either
Appalachian compression (blue) or Ouachita compression (green).
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Figure 5.2 – Initial location of Ouachita compression in the late Paleozoic at the southeastern edge of the Alabama-Oklahoma
Transform. Modified from Tull et al. (2007).
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Figure 5.3 – Stereonet of the fold at Site 2. Fold limbs (black) and the axial plane
(highlighted in yellow) are plotted. An approximate orientation of σ1 is shown in red
(~109°).
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Figure 5.4 – Example of how systematic fractures do not always persist throughout
an entire field region. Modified from Cruikshank and Aydin (1995).
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Figure 5.5 – Stereonet data for Mode I fractures at each site in the Central Section.
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Figure 5.6 –Stereonet for all Mode I fracture data recorded at Site 4. Fractures that
indicate Ouachita compression are blue and fractures that indicate Appalachian
compression are red. Outliers are plotted in black.
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Figure 5.7 –Stereonet for all Mode I fracture data recorded at Site 5. Fractures that
indicate Ouachita compression are blue and fractures that indicate Appalachian
compression are red. Outliers are plotted in black.
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Figure 5.8 – Interpretation of σ1 direction bisecting the dihedral angle (2ϴ) for
conjugate fractures. Modified from Dunne and Hancock (1994).
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Figure 5.9 – Stereonet for Mode I fracture data recorded at Site 6.
Fractures that indicate Appalachian compression are red.
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Figure 5.10 – A = Stereonet for all Mode I fracture data recorded in the Central Section. B = Rose diagram for fracture data in the
Central Section.
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Figure 5.11 – Stereonets showing recorded data for folds at Sites 7 (left) and 10 (right). Fold limbs are in black and
axial planes are highlighted in yellow.
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Figure 5.12 – Stereonets with Mode I fracture data for all four sites within the Northern
Section.
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Figure 5.13 – Stereonet with fold limbs (black) and axial plane (highlighted yellow) plotted
for the fold at Site 7.
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Figure 5.14 – Fault recorded at Site 8 with interpretation. Red arrows indicate relative
movement.
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Figure 5.15 – Stereonet of Fold 1 data with limbs (black), axial plane (highlighted yellow)
and calculated σ1 direction and value (red) plotted.
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Figure 5.16 – Stereonet of Fold 2 data with limbs (black), axial plane (highlighted yellow)
and calculated σ1 direction and value (red) plotted.
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Figure 5.17 – Stereonet of Fold 3 data with limbs (black), axial plane (highlighted yellow)
and calculated σ1 direction and value (red) plotted.
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Figure 5.18 – Fault propagation fold model that can be retrodeformed. Notice the similarities of Figure 4.53 and
the geometry in the red box here. Modified from Suppe and Medwedeff (1990).
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Figure 5.19 – Stereonet of Fold 4 data with limbs (black), axial plane (highlighted yellow)
and calculated σ1 direction and value (red) plotted.
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Figure 5.20 – Stereonet of Fold 5 data with limbs (black), axial plane (highlighted yellow)
and calculated σ1 direction and value (red) plotted.
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Figure 5.21 – Generalized geologic map of Tennessee with four largest cities (black dots) and meteorite
impacts (black dots with circles). Notice that the Wells Creek site is located within the WHR. From
Ford et al. (2012).
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Figure 5.22 – Outcrop of folding within the Mississippian Fort Payne formation near New
Johnsonville, TN that can be studied in future work of the WHR.
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